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Located in Eastern Africa, Ethiopia is a country of unique geological features, among them the 97 
largest continuous Afro-alpine zone in Africa and the Great Rift Valley (GRV). The GRV 98 
formation began ~20 mya; it is a fault system that splits the central Ethiopian dome in two 99 
separate highland systems (Baker et al., 1972, Chorowicz, 2005). In spite of the general 100 
assumption that the GRV has played a major role in shaping the biodiversity of the country, its 101 
influence has not been fully investigated, as only a handful of studies have addressed its impact 102 
on the phylogeographic and evolutionary history of Ethiopian taxa (Assefa et al., 2007; Belay 103 
and Mori, 2006; Ehrich et al., 2007; Gotelli et al., 2004; Kebede et al., 2007; Lehmann et al., 104 
2000; Ramdhani et al., 2008; Wieczorek et al., 2000).   105 
For my research I decided to investigate if and how the GRV and Plio-Pleistocene climatic 106 
oscillations have impacted the distribution and genetic structure of taxa of the highlands of 107 
Ethiopia. I had three goals: 1) to assess the distribution and genetic structure of species from the 108 
Ethiopian highlands; 2) to infer the role of the GRV on the evolutionary history of highland 109 
organisms; 3) to investigate the impact Pleistocene cyclic glaciation events have had on the 110 
environment of the rift valley and how they have determined the persistence of the GRV as a 111 
vicariant barrier. 112 
iv
 113 
For my research I chose to use anurans because of their dispersal limitations and because it is 114 
one of the most diverse, yet least studied, vertebrate groups in Ethiopia. Since anurans are poor 115 
dispersers, they retain the signature of past demographic and biogeographic events better than 116 
organisms with high dispersal abilities (e.g. large mammals). For this reason, anurans have been 117 
widely used to study dispersal, speciation, biogeography and the origin of endemism (Measy et 118 
al., 2007, Vences et al., 2003, Vences et al., 2005, Wiens, 2007).   119 
The first chapter of this dissertation is an introduction where I give background information on 120 
the study area, Ethiopia. In the second chapter I address the phylogeny and evolution of frogs of 121 
the genus Ptychadena (Boulenger 1917) in the highlands of the country. The third chapter deals 122 
with the phylogeography of four Ptychadena species and examine the role the GRV and the Plio- 123 
Pleistocene climatic oscillation have had on their evolution and present distribution. The fourth 124 
chapter is a comparative phylogeography of three Ethiopian anurans, with very different 125 
ecology: Amietia angolensis (Bocage 1866), Leptopelis gramineus (Boulenger 1898) and 126 
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1- Geological History, Climate and Ecosystems of Ethiopia 
Ethiopia (figure 1) is located in the horn of Africa, between 3 ºN and 15 ºN latitude and 
33 ºE and 48 ºE longitudes. It borders Sudan and South Sudan to the west, Djibouti and 
Eritrea to the north, Somalia to the east and Kenya to the south. Its territory expands 
1,126,829 km2. 
 
Figure 1.  Map of Ethiopia showing its borders. Map downloaded from 
http://www.state.gov/p/af/ci/et/  
 
The geological structure of Ethiopia can be simply described as a massive highland 
complex of mountains and plateaus divided by an extensive fault system known as the 
Great Rift Valley, and surrounded by lowlands areas (Asrat et al., 2008). These 
geological features have created immense altitudinal ranges, varying from 115 m below 




with an elevation of 4620m asl (the highest point in the country). This topography has 
determined diverse climatic conditions that have given rise to a great variety of 
ecologically distinct regions (Dalacho, 2009; Institute of Biodiversity Conservation, 
2009; Yemane et al., 1985).  
 
The central Ethiopian dome was formed by volcanic activity, its beginning dating back to 
the Tertiary (Ebinger and Sleep, 1998; Kingdom, 1989; Largen and Spawls, 2010 
Tiercellin et al., 2008).  Known as the Ethiopian central massif, it occupies more than half 
of the country and it has an elevation range between 1800-4620 m (Sepulchre et al., 
2006; Tikssa et al., 2009). The Ethiopian highlands constitute the largest continuous 
highland system in the African continent, accounting for 50% of all the land above 2000 
m and 80% of all the land above 3000 m (Largen and Spawls, 2010). This central dome is 
interrupted by deep gorges that drain into 12 major valley rivers. All Ethiopian rivers 
originate in the highlands and flow outward in different directions. The changing 
topography and climatic variations along these river channels have determined micro-
habitats that have acted as isolation barriers or migration corridors (Grubb et al., 2000; 
Kingdom, 1989; Largen, 2001b; Tikksa et al., 2009; Yalden et al., 1996; Wieczorek, 
2000). Several lakes can also be found mainly on the western plateau and mountain 
peaks, the largest being Lake Tana, but the majority of the lakes are small volcanic crater 
lakes (Friis et al., 2011). 
 
The Great Rift Valley divides the central dome in two uneven halves (Baker et al., 1972), 




highlands of the southeast.  The Abyssinian Massif is the largest and most rugged. It is 
divided into northern and southern sections by the Blue Nile Valley, the largest river in 
the country and an important tributary of the Nile River System. The highest peak of 
Ethiopian central dome, Rash Dahen, is located northwest of the GRV. 
 
 




The GRV formed ~20 million years ago by the same volcanic and seismic activity that 
also caused the separation of the African and Arabian tectonic plates (Chorowicz, 2005; 
Sepulchre et al., 2006). It is 4830 km in length with a variety of widths, from few km to 
160 km at its widest point. It originates in Syria, extends along the Dead Sea, continues 
past the Red Sea, enters the land mass through Eritrea, forms the Danakil depression in 
Ethiopia, crosses into Kenya, passes the region of the great lakes and ends in 
Harar Massif 
Abyssinian Massif 




Mozambique (Baker et al., 1972; Gonzalez–Estebes and Cebrain-Flores, 2004; Sepulchre 
et al., 2006). 
 
In its center, the valley is a very hot land of dry savanna, semi-deserts, deserts, and lakes 
(some of which are salt water and some fresh water). The valley floor has served as both, 
a dispersing corridor for lowland species (Grubb et al., 2000; Largen, 2001b), and a 
dispersal barrier for highland species (Kingdom, 1989; Largen and Spawls, 2010). For 
example, Wieczorek et al., (2000) suggest the formation of the GRV contributed to the 
speciation of Hyperolius by limiting gene flow, and Ramdhani et al., (2008) suggest that 
the rift valley may have influenced the high regional diversity and endemism of 
Kniphofia in Ethiopia. Other recent studies on the Ethiopian wolf, Gelada baboons, and 
giant lobelias (Lobelia giberroa), have shown restricted gene flow between populations 
across the rift (Belay and Mori, 2006; Gotelli et al., 2004; Kebede et al., 2007). Evans et 
al., 2011 reported no gene flow between eastern and western populations of the endemic 
aquatic frogs Xenopus clivii and X. largeni. In Kenya, the eastern portion of the GRV was 
found to be a barrier impeding gene flow in populations of mosquitoes of the species 
Anopheles funestus and A. gambiae (Kamau et al., 2003; Lehmann et al., 2000). 
However, a phylogeographic study of Arabis alpina (a widely distributed Arctic–alpine 
and Afro-alpine plant) suggests gene flow across the GRV (Assefa et al., 2007). 
 
The climate in Ethiopia is complex as it varies considerably according to elevation (Friss 
et al., 2011), it is also influenced by its closeness to the equator and as in the rest of the 




2006). The monthly average temperature at a specific elevation shows little seasonal 
variation (~2 °C) in the southern parts of the country and ~6 °C in the northern part. In 
the Abyssinian highlands, near Addis Ababa, the changes can be more drastic, between 
17-18 °C (Friss et al., 2011). Rainfall is dependant mostly on the topography and the 
prevailing winds, which in turn are governed by the Intertropical Convergence Zone 
(ITCZ).  
 
In Ethiopia there is a tendency of an altitudinal rather than latitudinal climate zonation. 
Three climatic zones are recognized: the cool zone above 2400 m with temperature 
ranges between near freezing to 16 C°, he temperate zone at elevations between 1500 and 
2400 m with temperatures ranging between 16 C° to 30 C°, and the hot zone at elevations 
below 1500 with temperature ranges between 27-50 C° (Poynton 1999). The rainy season 
goes from mid-June to mid-September. From February to March there is a season of 
intermittent showers, the rest of the year is dry. (Gonzales-Estevez and Cebrian Flores 
2004). The length and intensity of the rainy periods decreases from the south toward the 
north, with the southwestern region of the country having the highest rainfall, with two 
rainy seasons and a dry period in between (Friss et al., 2011) 
  
Based on vegetation type, 8 terrestrial ecosystems are recognized in the country (Friss et 
al., 2011; Institute of Biodiversity Conservation 2009): 
(1) Alfroalpine to sub-Afroalpine ecosystem: The sub-Afroalpine ecosystem occurs 
from 3200 to 3500, and the Afro-alpine ecosystem from 3500 to 4620. These areas are 




most conspicuous being the giant Lobelia (Lobelia giberroa), evergreen shrubs including 
heather (Erica arborea) and perennial herbs of the genus Helichrysum. (Friss et al., 2011; 
IBC, 2005, 2009).  
(2) Dry evergreen montane forest and grassland complex: Dry evergreen montane 
forest and grasslands are found at altitudinal ranges of 1500-3200m. The forest is 
multilayered consisting of short and tall trees, shrubs, herbs, epiphytes, lianas and semi-
parasites that form a continuous canopy. The grasslands consist mainly of grasses, sedges 
and rushes. This ecosystem is the most densely populated and farmed, therefore highly 
disturbed and threatened. Grasslands, cultivated areas and patches of introduced 
Eucalyptus are dominant in moderate elevations (1500-2000 m). At lower elevations few 
patches of Podocarpus (conifer) dominant forest still remain. At higher elevations up to 
3200 m, the upper tree line is reached and the forest composition changes gradually 
through successive zones dominated by Juniperus or Aningeria, Hypericum and Giant 
heaths (Erica and Philippia). 
(3) Moist evergreen montane forest ecosystem: It is the tallest forest of the country, 
found at altitudinal ranges of 800-2500 masl. It has high woody plant diversity (~200 sp) 
with a 4 layers stratification pattern of upper canopy, sub-canopy, shrub layer and the 
ground layer. Trees of the genera  Podocarpus and Olea, are among the most notorious in 
the upper canopy, while Croton macrostachyus, Cordia africana, Dracena steudneri, and 
Syzygium guineense are common in the sub-canopy. Examples of the shrub layer species 
are Coffea arabica, Galiniera saxifraga, Teclea nobilis and Ocotea kenyensis. The 





(4) Acacia-Commiphora Woodland Ecosystem: It occurs at altitudes between 900-1900 
masl and is characterized by drought resistant trees and shrubs. 
(5) Combretum-Terminalia Woodland ecosystem: It occurs at altitudes of between 500 
and 1900 masl. The characteristic vegetation consist of small to moderate size trees most 
of them deciduous, and lowland bamboo. 
(6) Lowland semi-evergreen forest ecosystem: A lowland semi-evergreen forest found 
at altitudinal ranges of 450-800 masl; on well-drained sandy soils, with mean annual 
temperature of 35 to 38°C and an annual rainfall range of 1,300 to 1,800 mm. There are 
only very few patches in its distribution is restricted to the eastern Gambella Region. It 
supports over 106 woody plant species. 
(7) Desert and Semi-desert Scrubland Ecosystems: These ecosystems occur below 
500m and are characterized by drought tolerant species including woody Acacia, grasses 
and Euphorbiaceae species.  
(8) Wetland and Aquatic Ecosystems: Swamps, marshes, flood plains, natural or 
artificial ponds, rivers, lakes and micro-dams; they are considered to be wetlands. They 
are found in all altitudinal and climatic regions and support a high biodiversity, including 






Figure 3.  Map of vegetation of Ethiopia. Map No. 503188 1976. Courtesy of the 





2-  Ethiopian Palaeo-Environment and Palaeo-Climate  
 
Both the emergence of the Ethiopian Central Massif and the GRV have had a tremendous 
influence on the climate and therefore in the composition and distribution of the flora, not 
only of Ethiopia, but of eastern Africa in general. This in turn has determined the 
different ecosystems found in the country (Largen, 2001b; Wieczorek et al., 2000; 
Yalden et al., 1996). It is believed that the tectonic uplift that created the Ethiopian 




that lead to the aridification of Eastern Africa (Sepulchre et al., 2006). Atmospheric and 
biospheric simulations show that before the rise of the Ethiopian massif, the low 
topography permitted a zonal circulation (with moisture transport and strong 
precipitation), which was interrupted by the uplift.  Other studies point at changes in 
atmospheric circulation caused by the uplift of the Tibetan plateau as another factor 
influencing the aridification in Eastern Africa (Ruddiman et al., 1989), while other 
authors suggest that this aridification process was influenced by the onset and 
intensification of high latitude glacial cycles (deMenocal, 1995, 2004), by climatic and 
tectonic factors that occurred during the Plio-Pleistocene (deMenocal, 1995; Dalacho, 
2009; Sepulchre et al., 2006) and by orbital shifts (Cerling et al., 1997; Trauth et al., 
2005). Although there is not a unified answer as to what caused the aridification of Africa 
or when it started, it is accepted that this shift began around 8-2 mya (Sepulchre et al., 
2006), with stepwise increases at 4.5, 3.9, 2.6-2.3 mya (Ruddiman et al., 1989) and 1.7 
mya (deMenocal, 1995; 2004).  
 
These climate and geological changes have affected the highlands and the rift valley floor 
habitats (deMenocal, 1995; 2004; Umer et al., 2004). For example, we know that the 
elevation of the GRV has changed through time, as the Nubian, Somali and Arabian 
plates continue to tear away from each other, the rifting continues and thus the sinking of 
the GRV. Much of the evidence for these environment changes come from animal and 
plant fossil records, palynological analyses and lake water levels studies (Hamilton and 
Taylor 1991). One of such studies is a recent palynological analysis that illustrates this 




Formation shows that 3.3 million years ago evergreen bushland and montane forest were 
well developed in this area.  Presently this type of vegetation is found only at elevations 
above 1600 m, and currently the Hadar Formation stands at an elevation of 500 m.  As 
one of the plausible explanations for the presence of this montane vegetation in Hadar the 
authors argue that perhaps the Hadar Formation stood at higher elevation back then and a 
down-faulting of 1000 m occurred starting 2.9 million years ago bringing Hadar to its 
current elevation. About 2.5 million years ago wooded savannas started to dominate, and 
about 1 million years ago grasses started to dominate. (Umer et al., 2004). These changes 
coincide with aridity peaks occurring in Africa near 2.8 and 1.7 mya (deMenocal, 1995; 
2004).  
 
At mid to late Pliocene studies point at a change in vegetation in eastern and southern 
Africa, from closed canopy lowland wet forest to open dry savannah, corresponding to a 
shift from C3 to C4 environments (Cerling et al., 1986; Jacobs 2004; Tolley et al., 2008; 
Sepulchre, 2006). This shift also marked a progression towards a reduced and seasonal 
precipitation pattern (Tolley et al., 2008; Sepulchre, 2006). The lowlands became 
dominated by savanna and grasslands, and the once extensive equatorial forests were 
reduced to patches found mostly at high elevations on isolated mountain tops.  
 
There is also evidence of climatic oscillations affecting Africa during the Plio-
Pleistocene. Atmospheric circulation models point at changes in Northern Hemisphere 
glacial advances as responsible for temperature decreases between 2-4°C in northwestern 




1987; Rind, 1987). Pleistocene climate oscillations and their impact on species have been 
more extensively documented for the Northern Hemisphere and Europe (Bennet, 1990; 
Hewitt 1996, 2000, 2004, 2011; Knowles 2001; Moreau 1962), fewer studies have dealt 
with glaciation-deglaciation cycles in Africa (Bonefille et al., 1990; Hastenrath 2009; 
Osmaston et al., 2005; Ruddiman et al., 1989; Shanahan and Zreda, 2000; Tiercelin et al., 
2008; Umer et al., 2007).  
 
In general the role of Pleistocene glaciations and inter-glaciations cycles on speciation is 
not completely understood (Carstens and Knowles, 2007; Knowles and Richards, 2005) 
and is still highly debated (Guillaumet et al., 2008). According to some authors these 
climatic fluctuations were a major driver of divergence, especially in animal lineages 
with broad distributions (Voelker et al., 2010), but other authors argue that this might not 
have been the case, as speciation requires genetic diversity and deglaciated areas were re-
colonized by genetically similar individuals (Baker, 2008; Knowles, 2001).  
 
Expansions and contractions of distribution ranges during these oscillations have been 
well documented and are better known from the LGM when species distributions shifted 
both altitudinaly and latitudinaly, according to the shrinking and expansion of habitats. 
These displacements of habitats allowed populations that were previously isolated to 
become in contact and during warmer interglacial periods high elevation habitats 
retreated to mountain peaks which became refugia for high elevation species (Kingdom, 





Palynological studies indicate that the African tropics were cooler and drier during the 
LGM, although there is no consensus in the exact number of degrees, as some studies 
estimate that the temperature dropped by as much a 5°C, than present conditions 
(Bonnefille et al., 1990; Moreau, 1962), and others estimate it to be as high as 8 °C. 
These changes are comparable to those of the temperate zones, where temperatures 
dropped by of 7-8° C in Europe, and 4-7° C in temperate America (Livingstone, 1975).  
Under these conditions it is estimated that the montane forests shifted their distribution, 
extending downwards from 1500 m to 700-500 m, and that savannas extended to coastal 
areas (Moreau, 1962). 
   
In Ethiopia there is evidence that during LGM there was ice cap formation in Bale and in 
the Ras Dashen Peak of the Simien Mountains, with estimates of ice coverage at ~13 km2 
in Simien and ~180 km2 in Bale. Downward shifts in vegetation caused by this glaciation 
have been documented for the Bale Mountains.  According to recent palynological 
studies of a lake in the Bale Mountains, the Afroalpine and ericaceous belt shifted 
downward between 1000-1500 m, and extended over much larger areas than the areas 
they presently occupy (Assefa et al., 2007; Tiercellin et al., 2008; Umer et al., 2007) 
 
 
3- Biodiversity of Ethiopia  
By definition the highlands of Ethiopia are considered to be sky islands, one of the 20 
recognized around the world (McCormack et al., 2009; Warshall, 1995), as they are a 




surrounding lowland areas of savanna and semi desert. As other sky islands, the 
Ethiopian highlands are also regions of high endemism and biodiversity (Mittermeier et 
al., 2004) and therefore considered to be a biodiversity hotspot. For example many 
species have been found to be endemic to the highlands, among them the emblematic 
Ethiopian wolf, Mountain Nyala and Gelada Baboon (Institute of Biodiversity 
Conservation, 2009; Stuart et. al, 1990).  
 
The Ethiopian biodiversity has not been completely explored, and little is known of the 
biogeographic mechanisms responsible for its evolution. Biodiversity studies as well as 
conservation efforts sponsored by the Ethiopian government and local higher education 
institutions have concentrated on groups with economic value, such as mammals, fish, 
birds and plants, therefore they have been surveyed more extensively than reptiles and 
amphibians, which hold no economic interest. Presently as many as 30 species of birds, 
20 of mammals, and 26 of amphibians have been found to be endemic to the Ethiopian 
highlands (Largen, 2001; Largen and Spawls, 2010; Mengistu, 2012; Institute of 
Biodiversity Conservation, 2009; Stuart et. al, 1990). Amphibians constitute the group 
with the highest level of endemism (~40 %), including 2 endemic families and six 
endemic genera.  
 
Historically, herpetological studies in the country have been undertaken by foreigners, 
mostly European and American researchers. Largen’s 2001 historical review shows these 
studies have been rather patchy. The first specimens were collected in 1839-1841. The 
next record dates back to 1885-1897, when random collections were undertaken. A 




reviewed until almost 2 decades later when a report on the collection was published; this 
report included the description of several new species, among them Ptychadena 
erlangeri, Ahl 1924; P. neumanni, Ahl 1924. Another expedition took place in 1901-
1902, material obtained at that time was not described or published until 2001, when M. 
Largen published the “Catalogue of the amphibians of Ethiopia, including a key for their 
identification”, which is still the most thorough review of the herpetofauna of the 
country. Other collecting efforts were undertaken in 1926-1927, 1937, 1939; then a long 
pause came and for almost 30 years there is no record of any collections done, until 1968 
when another expedition took place. Several field explorations in the seventies and one 
extensive survey of the southeast in 1986 (Largen 2001); resulted in several new species 
being described. Recent studies confirmed this region to be particularly rich in endemic 
anurans, and their number will certainly increase as recent collecting efforts in the 
highlands, have revealed numerous previously unknown cryptic lineages, which could 
represent potential new species awaiting description (Evans et al., 2011; Freilich et al., 
2014; Largen, 2000, 2001a, 2001b; Largen and Spawls, 2010; Mengistu 2012; Zimkus et 
al., 2010; Zimkus and Schick, 2010).  
 
Most of the studies of Ethiopian herpetofauna have dealt with taxonomic aspects; very few 
have focused on the mechanisms responsible for their rich diversity. Some of the endemic 
anurans are widely distributed and can be found on both sides of the GRV but others have 
a very restricted range and are found only on one side. Has the GRV acted as a 
biogeographic barrier influencing the distribution of amphibians in Ethiopia and possibly 
promoting their speciation? It is very likely that climatic oscillations have also had a role 




environment of the valley floor fluctuated between periods of cool and humid climate, 
with wet tropical forest and grasslands habitats present, and periods of aridity when the 
valley floor became a hotter and drier place and forests and grasslands were replaced by 
arid tolerant vegetation, given rise to a savanna habitat. Due to the amphibians low 
tolerance to arid conditions it is expected that no gene flow occurred during dry and hot 
climate when the valley floor was covered with savanna, and that during periods when 
the valley floor was covered with wet forest gene flow was possible. I proposed three 
hypotheses to test: 
1- The GRV has acted as a persistent biogeographic barrier to the dispersal of anurans of 
the highlands of Ethiopia. 
2- Climatic oscillations during the Plio-Pleistocene Last Glaciation Maximum (LGM) 
influenced the distribution and demography of the Ethiopian highland anurans. 
3- The Ethiopian highlands are a center of endemism where many species of anurans 
have originated. 
These hypotheses were tested using a combination of nuclear and mitochondrial loci to 
reconstruct the evolutionary histories and phylogeography of Amietia angolensis, 
Leptopelis gramineus, Tomopterna kachowskii and several species within the genera 
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Diversity and Evolution of the genus Ptychadena in the Ethiopian Highlands. 
This chapter has appeared in the following publication: 
Freilich X., Tollis M., and S. Boissinot (2014). Hiding in the Highlands: Evolution of a Frog 
Species Complex of the Genus Ptychadena in the Ethiopian Highlands. Molecular Phylogenetics 




The Ethiopian highlands are a biodiversity hotspot characterized by a high level of endemism, 
particularly in amphibians. Frogs of the genus Ptychadena have experienced an evolutionary 
radiation in these highlands. Thus, this group provides an excellent opportunity to study the 
process of speciation in this important biogeographic area. We sequenced two mitochondrial 
(16S and COI) and four nuclear (Rag-1, CXCR4, NCX1 and Tyr) genes in a sample of 236 frogs 
from 49 Ethiopian localities. Phylogenetic analyses of the mitochondrial genes revealed the 
presence of eight divergent mitochondrial lineages. We uncovered a near perfect concordance 
between these lineages and genetic clusters based on nuclear sequences. A Bayesian species 
delimitation analysis confirmed that these eight lineages correspond to eight genetically isolated 
populations which may represent eight species. Some of these species have already been 
recognized due to their distinct morphology (P. cooperi, P. nana and P. erlangeri) but we 
determined that the species P. neumanni is a complex of 5 cryptic species, thus increasing 
substantially the number of species in this genus and for this country. We resolved the phylogeny 
of Ethiopian highland Ptychadena using a species tree approach and determined that Ptychadena 
species group on the phylogeny according to their habitat preference. We propose that the 
diversity of Ethiopian Ptychadena results from an early phase of specialization to distinct 
elevations followed by a phase of ecological diversification within each elevational range. We 
estimated that the early phase of diversification of Ethiopian Ptychadena probably occurred in 
the late Miocene and the most recent speciation events in the late-Pliocene or Pleistocene. 
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1. Introduction
Ethiopia contains the most extensive complex of mountainous habitats in Africa. The fauna and 
flora in the Ethiopian highlands are unique and, for this reason, Ethiopia is considered one of the 
planets’ diversity hotspots (Mittermeier et al. 2004). The Ethiopian central plateau ranges in 
elevation from ~900 to 3,200 m above sea level and is divided in two uneven halves by the Great 
Rift Valley: the Harar Massif on the East and the larger Abyssinian Massif on the West. 
Together these two massifs occupy ~80% of all Ethiopian land, making it the largest continuous 
highland area in Africa. The central plateau is further divided by a number of river valleys such 
as the Blue Nile Valley. The central plateau results from an intense period of volcanic activity 
that began ~45 million years ago followed by an uplift of the plateau (Ebinger and Sleep, 1998). 
The ongoing splitting of the plateau by the Great Rift Valley began during the Miocene ~20 
million years ago and is caused by the breaking of the African plate into two distinct plates 
(Chorowicz, 2005; Sepulchre et al., 2006). The Ethiopian highlands are currently covered by 
grasslands, but this is due, in part, to human activity as Ethiopia has lost in the last few hundred 
years most of the dry evergreen mountain forests that originally covered the highlands (EFAP 
1994; Friis et al., 2011). The largest remaining forested areas are the moist evergreen forests in 
the south west of the country and in the south part of the Eastern massif. The climate in the 
highlands is temperate and wet with a major raining season from June to September, although 
rain can fall every month of the year. In contrast, the floor of the Great Rift Valley as well as the 
lowlands that surround the central plateau are dry and hot and as such act as dispersal barriers for 
highland species and as dispersal corridors for lowland species. 
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The isolation of the Ethiopian highlands from other mountainous systems in Africa produced a 
high level of endemism. Among the many endemics in these highlands are ~15 birds and 29 
mammals, including emblematic species such as the Ethiopian wolf, the gelada baboon and the 
mountain nyala (Yalden et al., 1996). Nonetheless it is within the amphibians that the highest 
level of endemism is found; there are at least 23 amphibians endemic to the Ethiopian highlands 
and as many as 40% of the Ethiopian species are endemic to this country (Largen, 2001a). Most 
studies on Ethiopian taxa have examined the impact of recent Pleistocene climatic changes on 
population structure and have been at the phylogeographic (intra-specific) level (Gottelli et al., 
2004; Belay and Mori, 2006; Ehrich et al., 2007; Kebede et al., 2007; Evans et al., 2011). These 
studies have demonstrated that the Great Rift Valley has been a significant barrier to gene flow 
(Evans et al., 2011), even in species with large dispersal abilities (Gottelli et al., 2004). There is, 
however, a lack of studies at the supra-specific level examining the climatic and geological 
processes responsible for the diversification and speciation of highland taxa. 
Here we investigate the evolution of frogs of the genus Ptychadena (Boulenger, 1917; Amphibia, 
Anura, Ranidae) in the Ethiopian highlands. In this area, the genus Ptychadena has experienced 
an evolutionary radiation producing a species complex (Perret, 1980; Largen, 1997). It is 
believed that the highland species of Ptychadena diversified entirely in Ethiopia, and thus this 
group provides an excellent opportunity to study the process of speciation in this area. Five 
endemic species are currently recognized from the highlands and can be distinguished using 
morphological features (P. cooperi, P. erlangeri, P. neumanni, P. nana and P. wadei; Largen and 
Spawls, 2010). A sixth species (P. largeni) has been described by Perret (1994), but the validity 
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of this taxon has been questioned (Largen and Spawls, 2010). The large morphological diversity 
reported in P. neumanni has led some authors to propose that P. neumanni is a species complex 
harboring an undetermined number of cryptic species (Perret, 1994; Largen, 1997). Here we 
analyze a multi-locus dataset, consisting of 2 mitochondrial and 4 nuclear genes, to investigate 
the evolutionary history and distribution of Ethiopian highland species of Ptychadena. Our study 
has two main goals: (1) to provide an accurate assessment of Ptychadena diversity in the 
Ethiopian highlands and, (2) to determine the phylogeny and timing of speciation of Ptychadena 
species. 
2. Materials and methods
2.1. Sampling 
Samples were collected from 49 different sites on both sides of the Great Rift Valley, during the 
months of July and August 2011, which coincided with the rainy season. A list of samples with 
the GPS location of the collecting localities is provided in the supplementary material. Most 
specimens were hand collected at night, although in some cases dip nets were used to collect in 
ponds and streams during the day. Collection and export permits were obtained from the 
Ethiopian Wildlife Conservation Agency. Within two hours after being collected, specimens 
were euthanized by ventral application of benzocaine (Chen and Combs, 1999). Dissections were 
performed immediately after the frogs were euthanized. Tissue vouchers were preserved in 70% 
alcohol. Specimens were then fixed in 95% alcohol and transferred to 70% ethanol within few 
hours after fixation. All specimens have been deposited at the Natural History Museum of Addis 
Ababa University, in Addis Ababa, Ethiopia. The morphological identification of specimens was 
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performed using Largen and Spawls (2010) and reference therein. We successfully identified in 
our sample P. cooperi, P. erlangeri, P. nana and P. neumanni. A fifth species, P. wadei, is not 
represented here. We found a few frogs that could be assigned to the species P. largeni based on 
the replacement of the dorsal ridges by rows of very small tubercles (Perret, 1994), but this 
character appeared sporadically in many populations, irrespective of location or genetic affinity. 
Thus, we could not assign any of our samples with certainty to this controversial species.  
2.2. DNA extraction, amplification and sequence alignment 
DNA was extracted from liver or leg muscle using the Wizard ® SV Genomic DNA Purification 
System (Promega). We amplified by Polymerase Chain Reaction (PCR) two mitochondrial and 
four nuclear genes. The mitochondrial genes were the 16S rRNA and 391 bp of the cytochrome 
oxydase 1 gene (COI). The four nuclear genes we analyzed are: a region of 523 bp in the 
recombinase activating gene 1 (Rag-1), a region of 668 bp in the second exon of the 
sodium/calcium exchanger gene 1 (NCX1), a region of 447 bp in the second exon of the 
chemokine receptor type 4 gene (CXCR4) and a 331 bp region in the first exon of the tyrosinase 
gene (Tyr). PCR conditions were as follows: an initial denaturation step at 94°C for 2 minutes, 
followed by 35 cycles for 30 sec at 94°C, 30 sec at 48°-60°C depending on the melting 
temperature of the primer pairs, 1 minute at 72°C, then a final extension at 72°C for 1 minute. 
The sequences of the primers used as well as their respective annealing temperatures are 
described in Table 1. PCR products were sent to the High Throughput Genomics Unit at the 
University of Washington in Seattle for purification and sequencing in both forward and reverse 
directions. Sequences have been deposited in GenBank, and the accession numbers are available 








   Table 1.  Primers used in this study. 
Table 1. Primers used in this study.




16S-F CGCCTGTTTAYCAAAAACAT 16S 48 Bossuyt and Milinkovitch 2000
16S-R CCGGTYTGAACTCAGATCAYGT 16S 48 Bossuyt and Milinkovitch 2000
COIGen-F TCTCTACTAACCATAAAGATATCGG COI 56 This study 
COIGen-R TAGACTTCAGGATGGCCAAAGAATCA COI 56 This study 
COILarg-F CTGGCACCCTTTTAGGAGA COI 56 This study 
COILarg-R AGCAAGTACAGGGAGGGACA COI 56 This study 
COIPty-F TGGGACTGCCCTTAGCCTCC COI 56 This study 
COIPty-R ATACCGGCAGCGAGTACAGG COI 56 This study 
TyrC-F GGCAGAGGAWCRTGCCAAGATGT Tyr 60 Bossuyt and Milinkovitch 2000
TyrG-R TGCTGGCRTCTCTCCARTCCCA Tyr 60 Bossuyt and Milinkovitch 2000
Rag1-PtyF CCGTTCTGTTGATGAATACCC Rag-1 57 This study 
Rag1-PtyR TAAGGGTTGGCTCTCCATGT Rag-1 57 This study 
NCX1-PtyF CCAAATGGTGAAACCACAAA NCX1 55 This study 
NCX1-PtyR2 ACCTCCTCGACGTACAATGG NCX1 55 This study 
CXCR4-PtyF ATCCAAGCAAACCAAAGGTG CXCR4 58 This study 














Following sequencing, chromatograms were imported into Geneious Pro version 5.6.5 created by 
Biomatters, available at http://www.geneious.com. For each sample, the forward and reverse 
reads were assembled into contigs. Putative heterozygote sites in the nuclear genes were assessed 
based on quality score. The contigs were then aligned to each other using the MUSCLE 
alignment implemented in Geneious (Edgar, 2004). When necessary, the alignments were further 
edited by eye. The gametic phase of each nuclear haplotype was resolved computationally using 
the program PHASE 2.1 implemented in the DNAsp program, with a 90% cut off (Stephens et 
al., 2001; Librado and Rozas, 2009). 
 
2.3. Gene tree analyses 
Phylogenetic analyses were performed using maximum-likelihood and Bayesian methods on 
each gene independently and on concatenated datasets of the mitochondrial and nuclear genes. 
The nucleotide substitution model that best fits the data was determined for each gene using the 
Bayesian Information Criterion in MEGA 5.0 (Tamura et al., 2011). The maximum-likelihood 
phylogenies were reconstructed using either the RaxML blackbox at http://phylobench.vital-
it.ch/raxml-bb/ (Stamatakis et al., 2008) or MEGA 5.0 (Tamura et al., 2011), and the robustness 
of the nodes was assessed using 1,000 bootstrap replicates. The Bayesian phylogenies were 
reconstructed using MrBayes 3.2 (Ronquist et al., 2012). Analyses were run for 20,000,000 
generations, and we sampled 10,000 trees, discarding the first 1,000 as burn-in. For the 
mitochondrial 16S and COI genes we applied, respectively, the Tamura 3-parameter + Gamma 
and the Kimura 2-parameters + Gamma + Invariant sites models of sequence evolution. For Tyr 
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and CXCR4 we used the Kimura 2-parameters + Gamma model, and for Rag-1 and NCX1 we 
used the Tamura 3-parameter + Gamma model.  
 
The time to most recent common ancestor (TMRCA) for each lineage was estimated using the 
mitochondrial COI gene with the program BEAST v.1.8 (Drummond and Rambaut, 2012). 
Analyses were performed using the HKY model of substitution without Gamma and Invariant 
sites, as the associated parameters failed to mix well during preliminary runs. We used a 
coalescent tree prior, an uncorrelated relaxed clock and we assumed a constant population size. 
Analyses were ran for 50,000,000 generations, from which 10,000 trees were sampled following 
a 10% burn-in. Results were checked for convergence using Tracer v1.5 (Rambaut and 
Drummond, 2001). As no fossil evidence is available to calibrate a local clock for Ethiopian 
Ptychadena, external calibrations were used. Estimates of mutation rates for protein-coding 
mitochondrial genes have been shown to vary slightly depending on gene regions. For anurans, a 
rate of 0.957% per lineage per million years was estimated for ND2 (Crawford, 2003) and has 
been widely used, but no estimate is available for COI. Comparisons of the rate of mutation of 
protein-coding genes in vertebrates suggest that COI is evolving slower than ND2 (Zardoya and 
Meyer, 1996). To assess the rate of mutation of COI relative to ND2, we calculated inter-specific 
divergences between species for which complete mitochondrial genome sequences were 
available. We calculated the ND2 and COI divergence between three species of Bufo, B. 
gargarizans (DQ275350), B. japonicus (AB303363) and B. tibetanus (JX878885), and between 
three species of Pelophylax, P. nigromaculatus (AB043889), P. chosenica (JF730436) and P. 
plancyi (EF196679). Depending on the comparison, we found that COI evolves 0 to 25% slower 
than ND2. Thus we used two mutation rates in all calculations, the ND2-derived rate of 0.957% 
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and a 25% slower rate of 0.78% per lineage per million years. This somewhat indirect approach 
is far from ideal, but should at least provide a rough estimate of the time frame of Ptychadena 
diversification in Ethiopia. 
 
2-4 Species delimitation 
To delimit populations, the phased nuclear haplotypes were analyzed using the Bayesian 
clustering program STRUCTURE 2.3.3. (Pritchard et al., 2000). STRUCTURE estimates the 
likelihood of a user-set number of K clusters and provides estimates of the proportion of each 
individual’s genome derived from each of the K clusters. Only individuals with genotypes 
available for the 4 genes were included in the analysis. The admixture model with independent 
allele frequency was used. STRUCTURE analyses were run with 100,000 steps for burn-in 
followed by 500,000 generations for K values ranging from 2 to 14. Each simulation was 
completed five times, and results files were compressed and submitted to Structure Harvester 
(Earl and Vonholdt, 2011), which selects the most likely K value based on the delta-K criterion 
described by Evanno (Evanno et al., 2005). 
 
Furthermore, we analyzed the mitochondrial sequences using the Automatic Barcode Gap 
Discovery Method (ABGD) to identify potential species. ABGD clusters sequences into 
candidate species based on pairwise distances by detecting differences (i.e. gaps) between intra- 
and inter-specific variation without a priori hypothesis (Puillandre et al., 2012a; Puillandre et al., 
2012b). ABGD analyses were performed using the web site 
http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html. Analyses were run on the 16S and COI 
genes using the Kimura 2-parameter model. Different values of the prior limit to intra-specific 
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diversity and of the proxy for minimum gap width were tested to evaluate their effects on the 
analysis. 
 
We assessed the validity of putative species using a Bayesian species-delimitation approach, 
implemented in the program BPP (Rannala and Yang, 2003; Yang and Rannala, 2010). BPP 
accommodates the species phylogeny as well as lineage sorting due to ancestral polymorphism. 
It implements a multilocus coalescent based method using reversible-jump Markov chain Monte 
Carlo (rjMCMC) to estimate the posterior distribution for different species-delimitation models. 
We used the mitochondrial tree as a guide tree but, as the mitochondrial data were used to 
identify the putative species for the species delimitation analysis, mitochondrial sequences were 
not included in the BPP analyses and only the four nuclear genes were used (following the 
recommendations of Barley et al., 2013). We parameterized both ancestral population size (θ) 
and root age (τ) using a gamma (G) distribution (a,b) for very large populations and deep 
divergences, G(1, 10) and small ancestral populations and shallow divergences, G(2, 2000). 
Other divergence time parameters were assigned the Dirichlet prior (Yang and Rannala, 2010). 
We used algorithm 0 with the fine-tuning parameter = 15. Each rjMCMC analysis was run for 
500,000 generations with a burn-in of 50,000 and run at least twice to confirm consistency 
between runs. 
 
2.5. Species tree analyses 
To account for the stochastic differences in the coalescent histories of the mitochondrial and 
nuclear genes, we reconstructed the evolutionary history of the genus Ptychadena in the 
Ethiopian highlands using the program *BEAST (Heled and Drummond, 2010). *BEAST 
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implements a probabilistic framework using sequence information from different loci and 
multiple individuals per taxon to infer the species tree as well as the individual gene trees that 
evolve within it. By incorporating prior probabilities on substitution rates and/or on the age of 
specific nodes in a phylogeny, *BEAST provides estimates of divergence times that take into 
account the history of all the genes used in the analysis. The goals of this analysis were twofold: 
(1) to obtain a species tree of Ptychadena and (2) to estimate the divergence times of the species. 
The partitions included the COI, Tyr, Rag-1, CXCR4, and NCX1 alignments. We used the HKY 
site model for COI as well as for the nuclear DNA partitions, as the Kimura 2-parameters and 
Tamura 3-parameters models are nested within the HKY model. Divergence times were 
estimated under the uncorrelated relaxed-clock tree model (Drummond et al. 2006) with a Yule 
process speciation prior. Analyses were run for 300,000,000 generations sampling every 30,000 
generations for a total of 10,000 trees. To assess convergence we monitored the effective sample 
size (ESS) values and consistency of parameter estimates using Tracer v1.5. From the 10,000 
sampled genealogies, we obtained the maximum-clade credibility tree with divergence time 
estimates for the species tree using TreeAnnotator in BEAST v.1.6.1 (Drummond and Rambaut, 
2007), discarding the first 1,000 samples as burn-in. 
 
For divergence time estimation, we used the two COI mutation rates of 0.78% and 0.957% per 
lineage per million years and placed normally distributed prior probabilities around the mutation 
rate parameters for each nuclear gene with a starting mean of 1. Because of the uncertainty of the 
COI mutation rate, we also performed *BEAST analyses using mutation rate priors for the 
nuclear genes with an estimated mutation rate for COI. Mutation rate priors were calculated for 
the four nuclear genes from the divergence between Ptychadena and other Ranidae assuming the 
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age of the Ranidae crown-group (i.e. the split between Ptychadeninae and all other Ranidae) as 
111.3 MY (Bossuyt et al., 2006). The species for which the same Tyr, Rag-1, CXCR4 and NCX1 
genes were available in public databases and which were used to calculate the mutation rates 
were Ceratobatrachus guentheri, Phrynobatrachus krefftii, Conraua crassipes, Limnonectes 
laticeps, Pyxicephalus edulis, Arthroleptis variabilis and Rana temporaria. The mutation rates 





3.1. Analysis of the Mitochondrial DNA 
We sequenced the mitochondrial 16S rRNA and Cytochrome Oxydase I (COI) genes in 177 and 
183 Ethiopian frogs from the genus Ptychadena, respectively. Because the 16S has been the most 
studied gene in the genus Ptychadena, we first performed a phylogenetic analysis using our 
sequences as well as all Ptychadena sequences available in public databases to validate the 
monophyly of the Ethiopian taxa relative to other species in the genus. Bayesian and maximum-
likelihood analyses produced identical topologies (the maximum-likelihood tree is shown in 
Figure 1) and demonstrate that the Ethiopian taxa form a strongly supported monophyletic group, 
suggesting that their diversification occurred entirely in Ethiopia. About half of Ptychadena 
species are not represented by a mitochondrial sequence in GenBank but most of these species 
are west-African, lowland species. Thus it is unlikely that adding these species would affect the 






Figure 1.  Maximum-likelihood phylogeny of the genus Ptychadena using the mitochondrial 
16S gene. Numbers at the nodes indicate the robustness of each node assessed using 1,000 
bootstrap replicates. For clarity, a single representative of each of the eight major Ethiopian 





The evolutionary relationships among Ethiopian samples were then investigated using each 
mitochondrial gene separately and a concatenated dataset of the two genes. As all these analyses 
yielded very similar topologies, only the maximum likelihood tree based on the concatenated 
dataset is shown here (figure 2). The tree reveals the existence of 8 distinct lineages reciprocally 
monophyletic for mitochondrial haplotypes. Three of the lineages correspond to morphologically 
distinguishable species: P. erlangeri, and P. cooperi, which are found on both sides of the Great 
Rift Valley, and the elusive and geographically restricted species P. nana (figure 3). Frogs 
identified as P. nana were collected in the Bale Mountains of the Eastern highlands and are 
characterized by uniquely short legs (ratio tibia length/snout-vent length = ~45%), a diagnostic 
feature of P. nana (Perret, 1980). Some of our specimens were larger by 12% from the maximum 
size recorded for this species, which was described as a dwarf form of Ptychadena (Perret, 
1980). It is however possible that the populations of this species differ in size, and thus we gave 
preference to other morphological features, such as the relative shortness of the legs, in assigning 
this mitochondrial lineage to P. nana.  
 
The other five lineages correspond to frogs that are morphologically extremely similar to each 
other and that fit the description of the widely distributed species P. neumanni (see pictures in 
the appendix). They are provisionally called P. cf neumanni 1, 2, 3, 4 and 5. P. cf neumanni 1 is 
widespread in the west from the moist evergreen forests of the southwest to grasslands in the 
vicinity of Addis Ababa (figure 3). P. cf neumanni 2 is widely distributed on both sides of the 
Great Rift Valley and limited to grasslands. Interestingly we failed to find lineages 1 and 2 in the 
same locality, and it appears that the distributions of these two lineages do not overlap. P. cf 
neumanni 3, 4 and 5 are much more localized geographically. P. cf. neumanni 3 is represented by 
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two frogs caught in the Bale Mountains in a roadside pond where P. nana and P. cooperi were 
also collected. P. cf. neumanni 4 is represented by 8 frogs collected in forest clearings in the 
southern part of the Eastern Highland system. Finally, P. cf. neumanni 5 is found only in the 
western highlands, north of the Blue Nile Valley (figure 3).  
 
The mitochondrial phylogeny (figure 2) indicates that the 8 lineages group into three main 
clades. Individuals morphologically assigned to P. neumanni do not form a monophyletic group 
on the tree and occur in each of the three clades: P. cf. neumanni 1 and 4 group with P. erlangeri, 
P. cf. neumanni 2 and 3 group with P. nana, and P. cf. neumanni 5 groups with P. cooperi. The 
observation that lineages assigned to P. neumanni are phylogenetically more closely related to 
other morphologically distinguishable species (such as P. nana, P. erlangeri and P. cooperi) than 
to other P. neumanni suggests that “P. neumanni” could be a species complex composed of 5 
cryptic species. 
 
We calculated the average divergence between the 8 lineages and also within each lineage (see 
table 2). For COI, the inter-lineage divergences range from 9.8 to 20.7% with a mean of 15.6%. 
The average divergence within each lineage is roughly an order of magnitude lower, ranging 
from 0.05 to 1.7%. For 16S, the divergence between lineages ranges from 2.2 to 7.0% with a 
mean of 5.1%, and divergences within the lineages range from 0.00 to 1.0%. The use of a strict 
divergence threshold to identify species is controversial, yet tentative threshold values of ~5% 
for 16S divergence and ~10% for COI divergence have been proposed (Vences et al. 2005). 
Although only a little more than half of the 16S divergences are higher than the 5% threshold, the 




Figure 2.  Maximum-likelihood phylogeny of Ptychadena from the Ethiopian highlands based 
on a concatenated alignment of the 16S and COI genes. The tree is rooted with sequences from 
the lowland species P. mascareniensis and P. anchietae. Colors are the same as on the maps on 
figure 3. Bootstrap values higher than 75% are indicated below the nodes. Numbers above the 




Figure 3. Maps of Ethiopia showing the distribution of the eight mitochondrial lineages. A- P. 
nana and P. erlangeri; B- P. cooperi and P. cf. neumanni 5; C- P. cf. neumanni 3 and P. cf. 
neumanni 4; D- P. cf. neumanni 1 and P. cf. neumanni 2. The position of the capital (Addis 
Ababa) is indicated with a yellow triangle. The elevational segregation between P. cf. neumanni 
1 and 2 is apparent on the insert representing the area around Addis Ababa. P. cf. neumanni 2 
populations fall in the darker grey that correspond to elevation higher than 2,576m and P. cf. 




Table 2. Average divergence of the mitochondrial COI (below diagonal and 16S above diagonal 






Table 3. Time of divergence among Ethiopian Ptychadena lineages. Ages are in million years 
and the numbers in parentheses correspond to the 95% highest posterior density. The nodes are 
numbered as on figures 2 and 8. Mutation rates of 0.78% and 0.957%/Million year have been 
used for COI. 
Nodes 0.78% 0.957% 0.78% 0.957% nuclear calibration
1 13.33 (9.45 - 17.45) 10.84 (7.70 - 14.54) 5.83 (4.17 - 7.58) 4.77 (3.44 - 6.08) 7.89 (5.79 - 10.27)
2 9.54 (6.58 - 12.40) 7.74 (5.20 - 10.01) 5.67 (3.94 - 7.28) 4.65 (3.33 - 5.90) 7.08 (5.35 - 9.14)
3 7.14 (3.16 - 11.10) 5.81 (2.71 - 9.19) 4.08 (2.43 - 5.68) 3.32 (2.03 - 4.65) 4.52 (2.52 - 6.94)
4 6.51 (3.74 - 9.06) 5.28 (3.01 - 7.37) 5.30 (3.59 - 6.93) 4.34 (3.07 - 5.71) 6.02 (3.81 - 8.19)
5 4.43 (2.36- 6.93) 3.54 (1.80 - 5.54) 2.35 (1.22 - 3.68) 1.91 (1.03 - 3.01) 2.36 (1.30 - 3.65)
6 7.02 (4.46 - 9.58) 5.69 (3.67 - 7.91) 5.09 (3.37 - 6.69) 4.15 (2.84 - 5.43) 5.74 (3.75 - 7.90)
7 4.53 (2.51 - 6.70) 3.67 (1.80 - 5.54) 1.33 (0.71 - 2.15) 1.09 (0.61 - 1.79) 2.36 (0.91 - 5.16)
BEAST analysis of mitochondrial DNA *BEAST species tree
Table  3. Time of divergence among Ethiopian Ptychadena  lineages. Ages are in million years and the numbers in parentheses correspond to the 










we identified phylogenetically could correspond to eight different species. We further examined 
this hypothesis by applying the ABGD approach, which separates mitochondrial sequences into 
putative species by identifying barcode gaps, defined as discontinuity between intra- and inter-
specific divergences. Applying the standard settings (with a relative gap width set at 1.5) yielded 
eight partitions in both our COI and 16S datasets, which is consistent with the idea that our 
dataset represents eight distinct species.  
 
We then used BEAST to estimate the TMRCA of the different Ptychadena mitochondrial clades 
(table 3). Assuming mutation rates of 0.78 and 0.957% substitutions per million years for COI, 
we estimated the TMRCA of all Ethiopian Ptychadena to be ~13.33 mya (mid-Miocene) and 
~10.84 mya (late-Miocene), respectively. The subsequent diversification of the three main clades 
occurred in the late-Miocene and around the Miocene-Pliocene junction (nodes 2, 4 and 6 in 
table 3). The most recent split within each sub-clades (between P. cf. neumanni 1 and 4 and P. 
cf. neumanni 2 and 3, nodes 5 and 6) occurred in the early-pliocene. 
 
3.2. Analysis of Nuclear Genes 
To assess the possible specific status of the Ethiopian Ptychadena we sequenced 4 nuclear genes, 
Tyr, Rag-1, CXCR4 and NCX1 in 184, 135, 197 and 148 individuals, respectively. Each nuclear 
gene was analyzed phylogenetically (figure 4 and 5). Because of the randomness of the 
coalescent process and the slow rate of mutation of nuclear genes, we do not expect individual 
nuclear trees to produce robust and congruent phylogenies among closely related taxa. Yet many 
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of the groups recovered by the analysis of the mitochondrial DNA appear on one or several of 








Figure 4. Maximum likelihood phylogeny of the Tyr haplotypes found in Ptychadena from the 
Ethiopian highlands. The tree is rooted with a tyrosinase sequences from the lowland species P. 
mascareniensis and P. anchietae. The size of the circles indicates the number of individuals 








Figure 5. Maximum likelihood phylogeny of the Rag-1, CXCR4 and NCX1 haplotypes found in 
Ptychadena from the Ethiopian highlands. The trees are rooted with sequences from the lowland 
species P. mascareniensis and P. anchietae. The size of the circles indicates the number of 





on two of the trees (Tyr and CXCR4) and form a clade on three of the trees (Tyr, Rag1 and 
CXCR4). Frogs carrying a mitochondrial DNA of the P. cf. neumanni 4 type form a 
monophyletic group on two trees (Tyr and Rag-1) and P. cf. neumanni 1, P. cf. neumanni 2 and 
P. nana all form monophyletic groups on the NCX1 tree. The complete sorting of haplotype 
lineages suggests significant genetic differentiation among taxa. Yet incomplete lineage sorting 
is also observed for several taxa (i.e. P. cf. neumanni 1 and P. erlangeri on the Rag-1, Tyr and 
CXCR4 trees), which is expected when speciation events are recent and/or occurred over a short 
period of evolutionary time. 
 
3.3. Species delimitation 
To validate the existence of eight distinct and genetically isolated populations of Ptychadena in 
the Ethiopian highlands we used three approaches: a STRUCTURE analysis based on nuclear 
haplotypes, a phylogenetic analysis of concatenated nuclear genes, and a Bayesian “species 
delimitation” analysis using the BPP program. The STRUCTURE analysis (Pritchard et al., 
2000) with K set at 8 recovered exactly the same 8 populations identified with the mitochondrial 
DNA (figure 6). A single individual carrying a P. nana mitochondrial haplotype clusters with the 
two P. cf. neumanni 3 individuals on the STRUCTURE analysis. This result suggests that these 
two populations can occasionally hybridize, yet the clear-cut separation between clusters 
indicates that hybridization is likely to be an exceptional occurrence. The near-perfect 
concordance between the mitochondrial phylogeny and the nuclear clustering strongly validate 
the idea that Ptychadena from the highlands belong to 8 distinct genetic entities. Although higher 
values of K recover the same 8 clusters, an additional level of structuring can be detected when 
K is set at 9, as the individuals assigned to P. cf. neumanni 2 from the east side and from the west  
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Figure 6. Visualization of the Bayesian clustering analysis from the program STRUCTURE with 
the number of clusters K ranging from 8 to 11. The most likely number of clusters is 11 as 
determined by the ∆K method. The x-axis represents each individual (arranged by mitochondrial 
lineages) and colors along the y-axis represent the proportion of each individual’s genome 




side of the Great Rift Valley form two separate clusters. When K is set at 10 and 11 (the optimal 
number of clusters suggested by the delta-K method), the same groups are recovered with the 
exception of P. erlangeri, which appears as having a mixed ancestry. This can be explained by 
the small number of nuclear loci used in our study and by the fact that STRUCTURE is known to 
overestimate the number of populations from the data (see the program documentation at 
http://pritch.bsd.uchicago.edu/structure.html). 
 
We then performed a phylogenetic analysis on a concatenated dataset of the four nuclear genes 
(figure 7). The concatenated nuclear analysis reveals the existence of 7 well-supported 
monophyletic groups corresponding almost exactly to the groups defined with mitochondrial 
sequences. With the exception of individual 924 (which caries a P. nana mitochondrial sequence 
but branches with P. cf. neumanni 3 on the concatenated tree), all individuals group on the 
nuclear tree according to their mitochondrial type, which is consistent with the STRUCTURE 
analysis. P. erlangeri is the only species that does not correspond to a well-defined monophyletic 
group on the nuclear tree, which is not surprising as P. erlangeri was the only taxon for which 
we failed to detect monophyly on any of the four nuclear-gene phylogenies. Among-group 
phylogenetic relationships have no statistical support and differ from the mitochondrial tree, yet 
on both the mitochondrial and nuclear trees P. cooperi and P. cf. neumanni 5 form a strongly 
supported clade. 
 
We validated the existence of 8 distinct genetic units by performing a Bayesian “species 
delimitation” analysis with the BPP program. This method tests the hypothesis that populations 




Figure 7.  Maximum likelihood phylogeny of the concatenated dataset of Tyr, Rag-1, CXCR4 
and NCX1 haplotypes. The tree is rooted with sequences from the lowland species P. 
mascareniensis and P. anchietae. Numbers at the nodes indicate the robustness of each node 




defined using mitochondrial sequences and their validity was assessed using the four nuclear 
genes. Using the topology of the mitochondrial tree as guide tree, we tested a variety of prior for 
large or small ancestral size and deep or shallow divergence. The choice of prior did not affect 
our results, and all analyses supported splits between the eight putative species, with speciation 
posterior probabilities 1.0. 
 
3.4. Species-tree analysis 
To obtain a tree that would account for the coalescent of the nuclear and mitochondrial genes, we 
reconstructed a species tree using the *BEAST program (figure 8). The resulting tree is 
strikingly similar to the mitochondrial tree. It shows that the first split separates P. cooperi and 
P. cf. neumanni 5 from all other putative species. The second split separates P. cf. neumanni 1, P. 
cf. neumanni 4 and P. erlangeri from P. cf. neumanni 2, P. cf. neumanni 3 and P. nana. The only 
difference between the species tree and the mitochondrial tree is in the placement of P. erlangeri, 
which is the sister species of P. cf. neumanni 1 on the species tree, whereas it is P. cf. neumanni 
4 on the mitochondrial tree. This discrepancy is not surprising as different regions of the genome 
are expected to have different histories that are recapitulated by the species tree.  
 
To estimate the time frame of Ptychadena diversification we used three external calibrations: the 
two COI mutation rate of 0.957% or 0.78% and mutation rate priors for the four nuclear genes 
calculated from the divergence between Ptychadena and other representatives of the Ranidae 
family, assuming an age of 111.3 MY for the Ranidae crown group (table 3). The two species 
trees calibrated with the mitochondrial sequences indicate that the divergence between the three 







Figure 8.  Maximum-clade credibility tree from a *BEAST analysis using the mitochondrial 
COI gene and four nuclear loci. The numbers below the nodes correspond to the Bayesian 





4.6-4.4mya for the 0.78 and 0.957% mutation rate, respectively). Subsequent diversifications 
within each clades occurred in the Pliocene, with the two most recent speciation events in the 
Pleistocene (<2.588 mya). The tree calibrated using the nuclear genes mutation rates produced 
highly congruent divergence times for most nodes. The only noticeable difference is in the 
divergence time of the two oldest nodes (nodes 1 and 2) which are ~2 to 3 million years older on 




4.1 Cryptic species diversity in Ethiopian Ptychadena 
Using mitochondrial and nuclear sequences we determined that the genus Ptychadena in the 
Ethiopian highlands is represented by at least eight genetically isolated entities that might 
deserve specific status. The existence of eight species is supported by several lines of evidence 
including deep mitochondrial divergences, a near perfect congruence between mitochondrial and 
STRUCTURE-defined nuclear clusters, widespread reciprocal monophyly between species at 
mitochondrial and nuclear loci, and significant results of the Bayesian species delimitation 
analysis. Prior to our analysis, it was believed that the Ethiopian highlands hosted 5 distinct 
Ptychadena species (P. cooperi, P. erlangeri, P. nana, P. neumanni and P. wadei), with maybe a 
sixth one in the vicinity of Addis Ababa (P. largeni). Here we report at least five putative species 
covered by the name “P. neumanni”. Thus, the total number of Ptychadena species in the 
Ethiopian highlands is at least nine (including P. wadei, which was not in our sample) and maybe 
10 (if P. largeni is valid). In the original description of P. largeni, Perret (1994) describes 
individuals with ridges replaced by rows of very small tubercles. We occasionally found frogs 
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with ridges replaced by rows of tubercles in both P. cf. neumanni 1 and P. cf. neumanni 2, 
suggesting that this is not a diagnostic character and could possibly be a polymorphic character 
shared across species or be dependent on the reproductive status of the individual. 
 
In part because of the widespread use of molecular tools, the rate of discovery of novel 
amphibian species has been remarkably high in the past few decades (Kohler et al., 2005). The 
present analysis demonstrates that the genus Ptychadena is no exception and suggests that the 
diversity of frogs in Ethiopia might be severely underestimated. The cryptic diversity in 
Ptychadena is reminiscent of the situation in Phrynobatrachus. Until recently, a single species of 
small Phrynobatrachus (P. minutus) was known from Ethiopia, but it appears that at least 3 and 
possibly 4 species of small Phrynobatrachus exist in this country (Largen, 2001b; Zimkus et al., 
2010; Demopoulos, Freilich and Boissinot, unpublished data). These new species add to the 
expanding list of new species and new genera described in Ethiopia over the past three decades, 
including the endemic genera Ericabatrachus and Balebreviceps. Considering the global decline 
of amphibians as well as the rapid degradation of natural habitats in Ethiopia, it is particularly 
urgent to assess the diversity of amphibians in this country so that appropriate conservation 
measures can be taken. 
 
4.2. Elevational distribution of highland Ptychadena 
To better understand the evolution of this species assemblage, we further examined the 
geographic distribution and habitat of each Ptychadena species. In table 4 we listed the main 
habitat, the elevational range and the average size of each species. We chose to ignore 
elevational ranges and habitats from the literature because previous works based on 
53
 
morphological identification could not take into account the cryptic diversity that we detected 
using molecular tools. A clear distinction can be made between species that live under an 
elevation of 2,500m (P. cf. neumanni 1, P. cf. neumanni 4 and P. erlangeri) and those that live 
above (all others). This separation based on elevation is particularly striking when P. cf. 
neumanni 1 and 2 are compared. These two species are of similar size, morphologically 
indistinguishable, and both are widespread in central Ethiopian grasslands. We, however, never 
found both species in the same locality and it seems there is no overlap in their elevational 
ranges. P. cf. neumanni 1 occurs from 1,695 to 2,468m above sea level whereas P. cf. neumanni 
2 occupies the 2541-3087 range. This elevational separation can be observed on the insert on 
figure 3 representing the area around Addis Ababa: P. cf. neumanni 2 populations fall in the 
darker grey that corresponds to elevation higher than 2,576m and P. cf. neumanni 1 is always 
found in the below 2,576m range, although some of the collecting localities are a few kilometers 
apart. The lack of overlap in distribution between these species is a prime example of the strict 
elevational stratification expected in tropical mountain ranges. In his classical article “why 
mountain passes are higher in the tropics”, Janzen (1967) proposed that the limited seasonality in 
the tropics would select for organisms narrowly adapted to a specific elevational zone, resulting 
in limited dispersal between elevations. The absence of overlap in the elevational distribution of 
P. cf neumanni 1 and 2 fits this model perfectly. 
 
The three species found under 2,500m were all collected in the moist evergreen forests of the 
south-west (P. cf. neumanni 1, P. erlangeri) or of the south-east (P. cf. neumanni 4 and P. 
erlangeri), P. cf. neumanni 1 being the only species that was collected in another habitat, the 
grasslands of central Ethiopia. Preliminary phylogeographic analyses suggest, however, that P. 
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cf. neumanni 1 originated in the moist forests of the south-west and subsequently dispersed to 
middle elevation grasslands (Freilich and Boissinot, unpublished data). These species 
occasionally coexist in the same locality, but they tend to occupy different micro-habitats. 
Largen and Spawls (2010) noted that P. erlangeri inhabits long grasses and coarse herbaceous 
vegetation, and we also found P. erlangeri exclusively in this type of habitat. In contrast, P. cf. 
neumanni 1 and 4 seem to prefer more open habitat with shorter grass. Although these 
observations need to be confirmed by more rigorous investigations, it seems that, when they co-
exist, species from forest clearings occupy different micro-habitats. 
 
The frogs found above 2,400m have distinct habitat preference: P. cooperi lives almost 
exclusively in or near streams, P. cf. neumanni 2, P. cf. neumanni 3 and P. nana favor grasslands 
while P. cf. neumanni 5 was found in both type of habitats. Although P. cooperi can occasionally 
be found at night calling from ponds in grasslands, it is the only species we found during the day 
in high-elevation streams. It is also the species that has diverged morphologically the most from 
other species in this group, as attested by its comparatively large size (table 4) and warty 
appearance (supplementary material). P. cf. neumanni 5 was found near streams and in 
grasslands suggesting it might be an ecological generalist, which could be due to the fact that it is 
the only Ptychadena species widespread in the highlands north of the Blue Nile Valley. The 
three species found in grasslands are remarkably similar in size, but they tend to occupy different 
elevational ranges, P. nana and P. cf. neumanni 3 being found at elevations higher than P. cf. 
neumanni 2 (table 4).  However, as the elevational ranges of these species overlap and are based 
on a limited number of observations, a more thorough survey of their distributions and ecology 








  Table 4. Habitat, elevational range and adult size (snout-vent length) of Ethiopian highland         
  Ptychadena species. 
Species Habitat Elevational range
Females Males
P. cooperi streams 2387-3045 m 44-50 42-59
P. erlangeri clearings in moist evergreen forests 1409-2322 m 42-44 33-35
P. nana mountain grasslands 2584-3023 m 32-35 30-33
P. cf. neumanni 1 clearings in moist evergreen forests / mountain grasslands 1695-2468 m 32-41 26-39
P. cf. neumanni 2 mountain grasslands 2541-3087 m 31-44 28-32
P. cf. neumanni 3 mountain grasslands 3023 m _ 31.9
P. cf. neumanni  4 clearings in moist evergreen forests 2322-2550 m 33.7 _
P. cf. neumanni 5 streams / mountain grasslands 2403-2532 m 25-51 32-40















Interestingly, species cluster on the phylogenetic tree according to their elevational preferences, 
i.e. the three species living under 2,500m form a monophyletic group. This indicates a certain 
level of niche conservatism within this radiation as species that are phylogenetically closer also 
share ecological preferences (figure 8). The topology of the tree suggests that the ancestral 
habitat of Ethiopian Ptychadena was similar to the habitats that can be found nowadays at 
elevation 2,500m and higher, i.e. grasslands and dry evergreen forests, and that lower elevations 
were subsequently colonized. The colonization and adaptation to lower elevation habitats could 
have been the trigger for speciation through niche divergence producing the clade adapted to 
moist, low-elevation forests (P. cf. neumanni 1, P. cf. neumanni 4, and P. erlangeri). Subsequent 
speciation events, within each clade, produced species with different elevational specialization 
(e.g. P. cf. neumanni 2 and P. nana) or micro-habitat preferences (e.g. P. erlangeri and P. cf. 
neumanni 1).  
 
4.3. The timing of diversification of Ptychadena in Ethiopia 
We performed a number of analyses to estimate the time-frame of Ptychadena diversification. 
Analyses of the mitochondrial DNA, based on two different mutation rates, indicate that the 
diversification of Ethiopian Ptychadena may have begun as early as the mid-Miocene and 
continued in the late-Miocene, roughly between 13 and 7.7 mya. Species-tree analyses, however, 
suggest that the diversification of the main lineages of Ethiopian Ptychadena occurred 
significantly later, around the Miocene-Pliocene junction (~7.9 to 4.6 mya). Similarly, the two 
most recent speciation events are dated from the Pliocene on the gene trees (~4.5 to 3.5 mya) but 
from the Pleistocene on the species trees (~2.4 to 1.1 mya). Both approaches however produced 
relatively congruent estimates of the TMRCA for the low-elevation clade and for the high-
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elevation clade (P. nana, P. cf neumanni 2 and 3), in both cases around the Miocene-Pliocene 
junction.  
 
It is expected that divergence times estimated from species trees are younger than estimates from 
gene trees, as genealogical trees should pre-date population divergence. Yet, in our case, the 
discrepancies between the gene tree and the species tree analyses are so large that they require 
further explanations. Species-tree reconstruction assumes that incomplete lineage sorting is not 
the result of gene flow, thus any instance of gene flow between incompletely isolated species 
will result in an underestimate of the divergence time by the species-tree analysis. In an analysis 
of jays of the genus Aphelocoma, McCormack et al. (2011) reported discrepancies between gene 
tree and species tree of the same order as we do here. They proposed that incomplete 
reproductive isolation associated with female-biased hybrid sterility produced the pattern they 
observe in Aphelocoma. It is possible that gene flow between ancestral populations could also be 
responsible for the discrepancies we observe in Ptychadena. We found at least one hybrid in our 
sample that carries a P. nana mitochondrial genome but clusters with P. cf. neumanni 3 on the 
concatenated nuclear tree (figure 7). Although incomplete lineage sorting is expected if 
speciation occurred rapidly, the extent of allele sharing between P. erlangeri and P. cf. neumanni 
1 is consistent with the hypothesis that these two putative species have hybridized since their 
original split. This possibility is supported by the discrepancy between the topology of the 
mitochondrial phylogeny (where P. cf. neumanni 1 is closer to P. cf. neumanni 4) and the 
topology of the species tree (where P. cf. neumanni 1 branches with P. erlangeri). Although 
hybridization is a rare occurrence in modern populations, it is likely that gene flow was much 
more frequent in the early stages of speciation. The general concordance between the 
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mitochondrial phylogeny and the species tree suggests however that gene flow between incipient 
species was sex-biased, either because of female hybrid sterility or because of male-biased gene 
flow. Although we can’t discount this possibility, the persistence of ancestral mitochondrial 
lineages in the presence of gene flow does not necessarily require sex-biased gene flow. In Rana 
cascadae, some populations carry mitochondrial haplotypes that diverged 2-3 mya (Monsen and 
Blouin, 2003), despite gene flow with neighboring populations, suggesting that divergent and 
geographically localized mitochondrial genomes can persist in local populations because of 
strong drift. It is plausible that a similar process occurred in ancestral Ptychadena populations, 
thus accounting for the nuclear-mitochondrial discordance we report here.  
 
Although there is still some doubt about the exact time of diversification of Ptychadena in 
Ethiopia, most analyses suggest that the diversification of this group began in the late Miocene 
near the junction between Miocene and Pliocene (table 3). The climatic conditions in East Africa 
have become increasingly arid and unstable in the late Miocene (deMenocal, 2004; Sepulchre et 
al., 2006). Although the long-term trend is toward increased aridity, Eastern Africa has 
experienced an alternation of wet and arid periods during the late Miocene and the Pliocene 
(Cerling et al., 2011; deMenocal, 2004; Trauth et al., 2005; Trauth et al., 2009). Wet-dry cycles 
have continued throughout the Pleistocene, coinciding with glaciations at northern latitudes 
(Mark and Osmaston, 2008). It is plausible that the diversification of Ptychadena in the 
Ethiopian highlands has been caused by climatic shifts toward drier conditions, which have 
pushed the distributions of these frogs toward higher elevations, thus promoting their isolation 
and subsequent speciation. Our data do not allow us to address specifically the role of 
geomorphological features such as the Great Rift Valley because, following their speciation, 
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Ethiopian Ptychadena have dispersed across the Great Rift when the climate became wetter, 
producing the trans-Rift distributions observed for P. erlangeri, P. cooperi and P. cf. neumanni 
2. A more detailed phylogeographic study of these species is necessary to determine their center 
of origin. Yet our study points to an important role of the Blue Nile Valley as a biogeographic 
barrier, as it has acted as an efficient barrier to dispersal for P. cooperi and P. cf. neumanni 5. 
Such a role for the Blue Nile Valley is evident for Leptopelis yaldeni, whose distribution is 
bordered by this geological feature (Largen and Spawls, 2010), and in the significant level of 
genetic differentiation between populations of Xenopus clivii north and south of the Nile (Evans 
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Chapter III 







The genus Ptychadena is one of the most specious in the highlands of Ethiopia, with  several 
endemic species occupying a variety of habitats and elevations,  from rain puddles to ponds and 
streams in grasslands and forest; from ~1400 to ~3000 m. The Great Rift Valley (GRV) bisects the 
Ethiopian highlands in two halves and could be a dispersal barrier for species of Ptychadena adapted 
to the cool and humid environments of the highlands, as the valley floor is an area of hot and dry 
habitats. The valley floor has undergone elevational changes throughout time, as well as climatic 
changes consisting of alternating periods of wet and cool temperatures and periods of dry and hot 
temperatures. Here we examined the impact the GRV and past glaciations cycles during the Plio-
Pleistocene have had on the evolutionary histories and population structure of four endemic 
Ptychadena species with different ecological preferences, P. cooperi, P. cf. neumanni 1, P. cf. 
neumanni 2 and P. erlangeri. Using a combination of nuclear and mitochondrial loci we performed a 
phylogeographic analysis. Our results show no evidence of population subdivision in P. cf. neumanni 
and P. erlangeri. We also found that these species experienced a demographic expansion starting 
~400,000 ago. We found that populations of P. cf. neumanni 2 and P. cooperi on the east and 
west of the GRV are genetically differentiated and have been isolated for at least ~500,000 years. 
For most of the Pleistocene we did not detect population fluctuations for P. cooperi and P. cf. neumanni 
2, as their population size remained stable, but the eastern populations of P. cf. neumanni 2 and the 
western populations of P. cooperi have experienced a recent demographic expansion occurring at 
around 12,000ky. Our findings show how different species of Ptychadena have responded 
differently to the formation of the GRV, and confirm this geological feature constitutes an important 









Since the late Miocene, Africa has experienced a shift towards more arid conditions (deMenocal 
2004; Sepulchre et al. 2006). Paleoclimatic studies suggest that this aridification process was 
influenced by the onset and intensification of high latitude glacial cycles during the Plio- 
Pleistocene (deMenocal 2004). Plio-Pleistocene climatic oscillations are known to have affected 
species distributions ranges (Hewitt 2000; Hewitt 2004). Expansions and contractions of 
distribution ranges during these oscillations are better known from the last 100ky and mostly from 
studies of temperate zones in Europe and North America. Very few studies have addressed the 
effects of these climatic oscillations in the Afro-temperate zones (Hewitt 2000; Hewitt 2011). A 
recent palynological study of sediments in a high altitude lake in the Bale Mountains (south east 
of Ethiopia) indicates major shifts in the distribution of Afro-alpine vegetation consistent with a 
considerable cooling of the highlands during the last glacial maximum (LGM) (Tiercelin et al. 
2008; Umer et al. 2007). Other palynological studies suggest that temperatures in the African 
tropics were cooler during LGM, by as much a 5°C, than present conditions (Bonnefille et al. 1990; 
Osmaston and Harrison 2005). Under these conditions it is estimated that the montane forests 
shifted their distribution, extending downwards from 1500 m to 700-500 m, and that savannah 
habitats extended to coastal areas. 
Different taxa sharing the same geographic distribution are affected similarly by climatic changes, 
but organisms respond differently to these changes because of differences in their ecology, 
population size or mobility. Because of the scarcity of information on the effect of Plio-Pleistocene 
climatic oscillations on the terrestrial fauna of Africa, we decided to investigate how the 




were affected by Plio-Pleistocene environmental changes.  Amphibians are excellent models for 
such a phylogeographic study because they are highly sensitive to environmental changes, poor 
dispersers and in many cases show high philopatry to natal sites (Zeisset and Beebee 2008). We 
examined species with a wide distribution range, including P. cooperi, P. cf. neumanni 2, P. 
erlangeri, and P cf.neumanni 1. All these lineages have a very low tolerance to dry conditions; 
therefore they are not present in savannas or other arid environments (Largen and Spawls 2010) 








Samples were collected in 93 different localities on both sides of the Great Rift Valley (see table 
in appendix). Collecting took place during the rainy season in two separate years; the first field 
season extended from July to August 2011 and the second from June to August 2013. Most of the 
specimens were collected by hand, both at night and during the daytime. In occasion dip nets were 
used when sampling ponds and streams. All pertinent collecting and exporting permits were 
obtained from The Ethiopian Wildlife Conservation Agency. Specimens were euthanized shortly 
after being collected, by a ventral application of benzocaine (Chen and Combs 1999). Tissue 
vouchers (tail and fins in the case of tadpoles and leg muscle or liver in adults and juveniles) were 
taken immediately after specimens were euthanized. Both tissue vouchers and specimens were 
preserved in 70% alcohol. All specimens were deposited at the Natural History Museum of Addis 
Ababa University, in Addis Ababa, Ethiopia. Morphological identification of adult samples was 
based on Largen and Spawls (2010). Tadpoles and juveniles were identified using 16SrRNA 




corroborate the identification of all adult specimens. Using the BLAST search engine we compared 
16S sequences of all our samples against sequences in GenBank, the database of The National 
Center for Biotechnology Information (NCBI). We used a similarity rate of 99% and above to 
assign sequences to species, these results were further confirmed by phylogenetic analysis. 
2.2. DNA extraction, amplification and sequence alignment 
 
The Wizard ®SV genomic DNA purification system (Promega) was used to extract DNA from 
the tissue vouchers. The mitochondrial COI and 4 nuclear genes (Rag-1, NCX1, CXCR4 and Tyr) 
were amplified, sequenced and aligned following the conditions described in chapter 2. 
2.3. Phylogenetic analysis and network reconstruction 
 
The Maximum likelihood (ML) method was used to conduct phylogenetic analyses for the 
mitochondrial gene COI. For the ML analysis we use MEGA6 software (Tamura et al. 2013). 
Nodal support was estimated through bootstrapping with 1000 replicates. The models that best 
described the data were also determined using MEGA6. We chose the models with the lowest 
Bayesian Information Criterion score as the ones that best describe the substitution patterns. First 
we performed a ML analysis including all 213 different individuals using the K2 +G model. Then 
we performed a ML analysis for each of the species with wide distribution, P. cooperi, P. 
erlangeri, P. cf. neumanni 2, and P. cf. neumanni 1. The best model for P. cooperi, P. cf .neumanni 1 
and P. cf. neumanni 2 was K2 with rate among sites uniform and the model for P. erlangeri was 
K2+G. The time to most recent common ancestor (TMRCA) for each mitochondrial lineages and 
the divergence between mitochondrial lineages were estimated using BEAST v1.8 (Drummond et 
al. 2012). Analyses were performed using the HKY+G model of substitution, with a coalescent 




ran for 100,000,000 generations from which 100,000 trees were sampled following a 10% burn- 
in. Results were checked for convergence using Tracer v1.6. Divergence times were estimated 
using the ND2 mutation rate for anuran of 0.957% per lineage per million year (Crawford 2003). 
The rate of mutation of mitochondrial coding genes is believed to be relatively similar among loci, 
an assumption we verified in chapter 2 of this thesis. 
Since the number of polymorphisms in nuclear genes was small, we estimated the relationship 
between alleles using networks. To this end, networks for each locus were constructed using the 
median joining method implemented in NETWORK version 4.6 (available at http://www.fluxus- 
engineering.com). 
2.4. Population structure and characterization of genetic variation 
 
We used the nuclear data set to infer the population structure within each species. First, we used 
two Bayesian clustering programs, Structure v2.3.4. (Pritchard et al. 2000) and Structurama 
version 2.0 (Huelsenbeck and Andolfatto 2007). Structure uses multi-locus genotypic data and 
large number of individuals to infer population structure. It calculates departure from Hardy- 
Weinberg to assign individuals to an a priori defined number of clusters and uses a Markov chain 
Monte Carlo (MCMC) approach to calculate the posterior probability of assigning individuals to a 
population. We analyzed the phased nuclear haplotypes allowing for admixture, we ran the model for 
500,000 generations, with 10,000 discarded as burn in. We assume K values from 1-6 and 
performed 5 runs for each value of K. In order to determine the most likely K-value, the result files 
were compressed and submitted to Structure Harvester (Earl and Vonholdt 2011), where the 
robustness of each K value was assessed using the delta-K criterion described by (Evanno et al. 




variable following a Dirichlet process prior. For the Structurama analysis, we assumed no 
admixture, with five priors with a mean number of clusters 1 to 6. We also treated the concentration 
parameter as an hyper –parameter and used a gamma hyper prior G(2.5, 0.5). The Markov Chain 
Monte Carlo was run for 1,000,000 cycles, sampling every 100th cycle and discarding the first 
5000 cycles as a burn-in. 
To further assess the genetic differentiation between the sampled populations of each species we 
calculated Fst for each gene and for the entire nuclear dataset. Fst is a measure of genetic distance 
among subpopulations and ranges from 0 to 1, a 0 values indicates no genetic differentiation, and 
the closer a Fst value is to 1, the higher the level of differentiation. Fst were calculated using the 
program Arlequin v3.5 (Excoffier and Lischer 2010) and DNAspVer 5.10.01 (Librado and Rozas 
2009). Individuals were considered to be part of the same population if they were collected within 
20 km of each other. 
To assess the population structure of species in relation to the GRV, we performed an analysis of 
molecular variance, (AMOVA) (Excoffier et al. 1992) on the mitochondrial set and then on the 
concatenate nuclear dataset, using the program Arlequin v3.5 (Excoffier and Lischer 2010). 
Populations were assigned to two groups, populations west of the GRV and populations east of the 
GRV. AMOVA partitions hierarchically molecular variation among populations relative to the 
total sample, among populations within regions and within populations. Significance of the results 




For each population (defined either by geography or Bayesian clustering), we calculated 




nucleotide diversity (Π), Waterson’s estimator of nucleotide diversity (θ), Tajima’s D (Tajima 
1989), and Fu’s F (Fu 1997). We use the program DNAsp version 5.10.01 (Librado and Rozas 
2009) to perform these calculations. 
Tajima’s D (Tajima 1989) is a test of neutrality, which is useful to determine if a DNA sequence is 
evolving neutrally or if it is under selection (either directional or balancing). It compares two 
estimators of theta (θ), one based on the number of segregating sites in the sample (S) and the other 
is based on the mean pairwise differences between haplotypes (π). In a population of constant size 
that is evolving neutrally these two parameters are expected to be the same, but differences will 
occur if the population is not stationary, or if sequences are evolving under selection. A negative 
value of Tajima’s D indicates an excess of low frequency polymorphisms, which suggests 
population expansion and or purifying selection. A positive value indicates a high number of 
intermediate frequency alleles, which indicates a decrease in population size or balancing selection. 
Fu’s F (Fu 1997) is another test of neutrality, based on the probability of observing k alleles in a 
sample relative to the observed average of the pairwise differences. Negative values of Fu’s F 
indicate an excess number of alleles, as would be expected from a recent population expansion 
event or from purifying selection. A positive value indicates a lower number of alleles as it would 
be expected from a recent population bottleneck or overdominance. 
2.5. Timing of divergence and demographic history 
Divergence time between populations were estimated using the species tree approach implemented 
in *BEAST (Heled and Drummond 2010). *BEAST is a Bayesian, coalescent based phylogenetic 
analysis software for the analysis of molecular data. It implements a Markov chain Monte Carlo 




evolve within it, divergence times and population sizes. It handles sequences from unlinked multi- 
locus data sets from multiple individuals per population from closely related species or from 
differentiated populations (Heled and Drummond 2010). *BEAST analyses were performed on 
the mitochondrial gene (COI) and the four nuclear genes (Rag-1, NCX1, CXCR4, Tyr). The 
substitution models used were HKY+G for the mitochondrial gene and HKY for the nuclear set. 
Divergence times were estimated under the uncorrelated relaxed-clock tree model (Drummond et 
al. 2006) with a Yule process speciation prior. For the estimation of divergence time we use the 
mitochondrial mutation rate of 0.957%. Analyses were run for 400,000,000 generations sampling 
every 10,000 generations for a total of 40,000 trees. Convergence was assessed by monitoring the 
effective sample size (ESS) and consistency of parameter estimates using Tracer v1.5. Using 
TreeAnnotator, available in BEAST v.1.8 (Drummond et al. 2012) we obtained the maximum- 
clade credibility tree with estimates of the divergence times. The first 10% of the trees were 
eliminated as burn-in. 
Divergence times were estimated using a second method, implemented in G-PHoCS (Gronau et 
al. 2011). Using a coalescent framework, G-PHoCS estimates key population genetics parameters 
including population sizes (θ), population divergence times (τ) and migration rates (m) from 
unlinked nuclear loci. G-PHoCS integrates all possible phases of diploid genotypic data, thus 
removing a potential source of error in phylogeographic analyses. We evaluated the effect of 
different priors of the gamma distribution G(α,β) for the θ and τ parameters, which were ~G(2,10), 
~G(2,1000) and ~G(2,2000). For each set of priors we ran five replicates with different seeds for 
500,000 generations, with a sampling interval of 50 generations and we assessed convergence of 
separate runs using Tracer v1.6. Demographic parameters estimated by G-PHoCS are given as 




in time or number of individuals. As we do not have reliable outgroups with accurate divergence 
time for any of the taxa analyzed here, we used an average of the mutation rates calculated in 
Freilich et al., 2014 for 4 nuclear genes of 0.065% per my, which is consistent with the 16-fold 
difference between the mitochondrial and nuclear mutation rate in anurans estimated by Crawford 
(Crawford 2003; Freilich et al. 2014). Unfortunately there is very little information available on 
the reproduction of these species, particularly in terms of generation time. Considering that the 
activity (and consequently the growth) of these species is probably limited during the dry season, 
it seems reasonable to assume an age at maturity of 2 years. We also estimated the population size 
parameter θ using the Bayesian Phylogenetics and Phylogeography program (BPP) (Rannala and 
Yang 2003; Yang and Rannala 2010) which use the same coalescent frame work as G-PHoCS. 
The demographic trajectory of each population was further analyzed using the extended Bayesian 
skyline plots (EBSP) on the multi-locus data (Heled and Drummond 2008). The EBSP uses the 
coalescent history of multiple genomic loci to estimate the number and extent of population size 
changes in the past. For the EBSP, all loci were assigned different substitution models, clock 
models and trees. The clock rates for the nuclear genes were assigned a uniform [0,1] prior 
distribution and the rates were estimated relative to the mitochondrial sequences, using the 0.957% 
for COI. 
2.6. Ecological Niche Modeling (performed in collaboration with Dr. Jose Anadon, QC) 
Habitat suitability maps for the present time and for the Last Glacial Maximum (LGM, 21ky) were 
obtained by means of ecological niche models (ENMs; (Guisan and Zimmermann 2000)). Species’ 
presence/absence data were modeled by means of Generalized Linear Models (GLM; (McCullagh 
and Nelder 1989) using climatic environmental variables as predictors. As extent for modeling we 
used Ethiopia, since it contains the Ethiopian Highlands, the GRV and a buffer area of more arid 




of six bioclimatic variables out of the 19 available from WorldClim (Hijmans et al. 2005). Linear 
and quadratic responses were considered. Spatial resolution for ENM was 2.5’ (~5x5km) as imposed 
by the minimum resolution of the Last Glacial Maximum (LGM) climatic layers.  Presence/absence 
data originated from the sampling localities of this work. In total (resolution 2.5min) our database 
comprised 86 localities, with 26 occurrences for P. neumanni 1, 18 for P. neumanni 2, 22 for P. 
erlangeri and 20 for P. cooperi (Supplementary material). Variable selection was done following an 
information-theoric approach (Burnham and Anderson 2002). ENMs parameterized for the present 
time were projected into LGM conditions (LGM, 21ky ago) obtained from the WorldClim database. 
LGM was represented by two different climatic models: the Community Climate System Model 
(CCSM4) and the Model for Interdisciplinary Research on Climate – Earth System Model (MIROC-
ESM). Using two different climate models allow us to account for uncertainty associated to LGM 
climate data. Continuous distribution models were turned into distribution ranges (i.e. binary maps) 
using four different threshold values: maximum specificity plus sensitivity, equal specificity and 
sensitivity, prevalence and the minimum probability value of occurrence. The first three ones have 
been recommended when compared to other threshold criteria (Liu et al. 2005). The fourth one, that 
equals the probability value of the occurrence location with the lowest probability, is expected to 


















3.1.Phylogenetic analysis of the genus Ptychadena in Ethiopia 
 
In our previous study (Freilich et al. 2014), we performed a phylogenetic analysis of Ptychadena 
from the highlands of Ethiopia, using the 16S rRNA and Cytochrome oxydase (COI) genes. We 
determined that the Ptychadena species found in the highlands of Ethiopia constitute a 
monophyletic group, in relation to other species of the genus. We also identified 8 distinct lineages, 
possibly representing 8 separate species. These 8 lineages included the previously recognized 
species P. cooperi, P. erlangeri and P. nana and 5 lineages named P. cf. neumanni 1 to 5. Since 
this early study, we collected Ptychadena in 43 new sampling localities. To determine if our first 
analysis recovered the entire diversity in this complex, we performed a maximum likelihood 
phylogenetic analysis using all available samples (figure 1). This new analysis recovered the same 8 
reciprocally monophyletic lineages recovered in the original analysis, with very robust node 
support. In addition, the topology of the phylogeny is identical to the one we published in 2014 
and demonstrates the presence of three clades, a P. cooperi / P. cf. neummani5 clade, a clade 
composed of P. nana, P. cf. neumanni 3 and P. cf. neumanni 2 and a P. cf. neumanni 4, P.cf. 






Figure 1. Maximum likelihood phylogeny of the mitochondrial COI gene including all 




The added collecting sites support our previous observations regarding the distribution of the 8 
lineages (figure 2). We found P. nana and P. cf. neumanni 3 to be very localized and found only 
in the in the grasslands of the Bale Massif. The new collecting sites show that P. cf. neumanni 3 
and P. nana shared habitat and elevational range as both have been found from 2400 m to 3023 m, 
sometime in the same localities.We collected P. erlangeri on both sides of the GRV, but this 
species seems to have a limited range in the eastern side of the GRV as it was found only in 
localities neighboring the GRV and it does not seem to extend further east, although favorable 
habitat is available (see discussion). In the southern flank of the eastern highlands, P. erlangeri is 
replaced by P. cf. neumanni 4, a species with the same habitat preference, although these two 
species have been found in the same locality. We added collection sites for P. cf. neumanni 5, 
confirming that this species is the only member of this radiation present North of the Blue Nile 
where it seems widespread. Our collection points for P. cooperi, P. cf. neumanni 1 and P. cf. 
neumanni 2 confirm our previously published observation. However, we did collect for the first 
time, P. cf. neumanni 1 and P.cf. neumanni 2 in the same locality, an area of mountain grasslands 
at an elevation of 2388 m. In our previous collecting effort we found P cf. nemanni 2 to be restricted 
to elevation ranging between 2541-3087 m; this new locality is lowest elevation where we have 
found this lineage. For P. cf.neumanni1 this new site is close to their elevational upper limit, as we 







Figure 2. Geographic distribution of P. cf. neumanni 3, P. cf. neumanni 4, P. cf. neumanni 5 and 
P. nana based on the 2011 and 2013 field season. 
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3.2.Ptychadena cooperi 
3.2.1. Mitochondrial analysis 
We sequenced the mitochondrial COI gene in 31 individuals collected in 14 different localities, 4 
of which were in the east and 10 in the west of the GRV (table 1 and figure 3). The total alignment 
contained 618 nucleotides and included 18 single nucleotide polymorphisms (SNPs). We 
identified only 6 mitochondrial haplotypes, 2 of which are unique to the east side and 4 to the west 
side. We did not observe a single haplotype shared between the east and west side of the GRV. A 
ML phylogeny reveals that all haplotypes from the west form a monophyletic clade, relative to the 
two haplotypes found on the east (figure 3). The two haplotypes found in the east have distinct 
geographic distribution: one is widespread on the Arsi plateau and the other one is limited to the 
Bale massif. Since our sample size is rather small, additional sampling in this area is needed to 
obtain a clearer picture of the geographic distribution of the eastern haplotypes. The mean 
divergence between the western clade and the Arsi haplotype is 2% and between the western clade 
and the Bale haplotype is 5.3%. Consistent with the very low level of mitochondrial variation 
within this species, the mean divergence among western haplotypes was 0.16%. 
Using BEAST, the divergence time between the western clade and the Arsi haplotype was dated 
at ~ 0.82 my (using a 0.0957% mutation rate), and the split between the Bale haplotype and the 
(west/Arsi) clade was estimated at ~2.84 my (table 2). Consistent with the high level of 
mitochondrial differentiation, the AMOVA analysis (table 3) reveals that only 2.36% of the 
variance is within populations and most of the variance is shared between groups (47.11%) and 
among populations within groups (50.33%). The large fraction of variance due to among 
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Table 1. Diversity and differentiation of mitochondrial and nuclear DNA in four Ethiopian Ptychadena. 
COI CXCR4  NCX1  RAG1  TYR 
WEST EAST WEST  EAST WEST EAST WEST EAST WEST EAST 
P. cooperi 
N 21 10 60 26 62 22 62 16 62 24 
S 3 15 4 2 4 1 3 1 2 5 
h 4 2 5 3 4 2 4 2 3 7 
Π 0.182 2.518 0.143  0.065 0.033 0.016 0.031 0.049 0.158 0.464 
θ 0.339 1.907 0.192  0.117 0.150 0.048 0.152 0.119 0.129 0.405 







---1.046 ---2.975  
0.001 





P. cf. neumanni 2 
N 36 24 80 62 76 54 64 60 78 62 
S 8 9 3 7 3 5 7 14 3 10 
h 6 8 1 7 4 7 5 10 5 12 
Π 0.307 0.447 0.111 0.064 0.667 0.196 0.865 0.320 1.006 
θ 0.694 0.867 0.381 0.102 0.193 0.327 0.629 0.216 0.710 















N 28 8 68 20 60 18 68 16 70 16 
S 40 7 15 5 7 0 15 11 29 11 
h 11 6 18 7 8 1 15 8 35 8 
Π 2.024 0.503 0.366 0.269 0.104 0.493 0.625 1.261 0.743 
θ 3.790 0.690 0.794 0.38 0.266 0.690 0.695 2.048 0.730 











---1.501 ---27.296  
0.109 
---1.120 
P. cf. neumanni 1 
N 49 126 114 118 122 
S 8 9 5 12 20 
h 6 9 6 13 24 
Π 0.322 0.253 0.121 0.264 0.859 
θ 0.645 0.372 0.166 0.575 1.348 
Tajima's D ---1.371 ---0.775 ---0.567 ---1.426 ---1.024 
Fu's F ---1.391 ---2.142 ---2.409 ---6.391 ---12.296 
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Figure 3. Mitochondrial phylogeny of P. cooperi constructed using BEAST. The numbers at 
the nodes correspond to posterior probability values. The boxed numbers correspond to the 
age of the node. The map shows the localities where P. cooperi was collected. 
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Table 2. Time of divergence. Ages are in million years and numbers for the 95% highest posterior 
density are in parenthesis 
Species BEAST analysis of mitoc hondrial DNA *BEAST species tree
P. cf. neumanni 1 TMRCA 0.74 (0.29 --- 1. 20)
P. erlangeri TMRCA 621---1 
/583---11; 578--- 
TMRCA West
1 Jima TMRCA 5.13 (3.96 --- 6. 
11 Bonga 1.67 (0.96 --- 2. 




P. cf. Neumanni 2 TMRCA---EAST 
TMRCA---WEST
0.61 (0.11 --- 2. 
0.63 (0.12 --- 1. 
02) 
98)
Divergence (East/West) 1.79 (0.41 --- 6. 43) 0.39 (0.05 --- 1.92)
P. cooperi TMRCA---WEST 0.29 (0.09 --- 0. 62)
Divergence (East/West) 0.82 (0.28 --- 1. 
Divergence Bale/(East/West) 2.84 (0.85 --- 4. 
54) 0.50 (0.14 ---1.06) 
60)
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Table 3.  Mitochondrial and nuclear DNA herarchical analysis of molecular variance (AMOVA). 
Source of variation Mitochondrial DNA Nuclear DNA  Fst east---west 
% of variation P---value % of variation P---value All nuclear loci 
Ptychadena cooperi Among groups 47.11 0.0362 61.68 0.0049 0.634 
Among populations, 
within groups 
50.53 0.0000 7.21 0.0000 
Within populations 2.36 0.0000 31.12 0.0000 
Ptychadena erlangeri Among groups --  -13.33 0.4946 4.13 0.0958 0.061 
Among populations, 
within groups 
23.19 0.1906 3.86 0.0498 
Within populations 90.14 0.1740 92.01 0.0020 
Ptychadena neumanni 2 Among groups 76.57 0.0039 38.31 0.0088 0.410 
Among populations, 
within groups
10.54 0.0000 7.93 0.0000 
Within populations 12.89 0.0000 53.76 0.0000 
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population difference is explained by the presence of the two divergent and population-specific 
mitochondrial haplotypes in the east. 
3.2.1.Nuclear variation and population structure 
The amount of variation at nuclear genes tends to be relatively low in this species, with a total of 
17 SNPs and nucleotide diversity (π) ranging from 0.016 to 0.46% (table 1 and figure 4). The 
lowest level of variation is found in Rag-1, which contains only 2 SNPs defining 3 haplotypes. 
The highest variation is found in Tyr with 7 SNPs and 9 haplotypes. Despite this overall low level 
of variation, the nuclear genes analyzed here contain useful phylogeographic information. For 
instance, one of the two SNPs in Rag-1 is diagnostic of the populations west of the GRV whereas 
the other one is fixed in the west and found at a very low frequency in the east (~6%). At CXCR4 
we identified three high-frequency haplotypes, accounting for 94% of all haplotypes found in this 
species, with very different frequencies between east and west of the GRV (figure 4). This level 
of differentiation is reflected in the high Fst value of 0.942 and 0.712 between east and west, for 
Rag-1 and CXCR4, respectively. In contrast, NCX1 is dominated by a single haplotype that is 
widely shared between the east and the west, resulting in a very low Fst value of 0.00085. Similarly 
for Tyr, the most common haplotype is shared between western and eastern populations, although 
the other 8 haplotypes are limited to one side of the GRV (Fst = 0.275). 
Considering the presence of geographically diagnostic (or near-diagnostic) SNPs in our dataset, it 
is not surprising that the Structure and Structurama analyses based on nuclear variation recovered 
with high confidence two populations corresponding to the east and the west sides of the GRV 
(table 4). These methods, however, did not identify a third population in the Bale Mountains, as 
was suggested by the mitochondrial analysis. The presence of a clear genetic 
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Figure 4. Median-joining networks of the 4 nuclear loci in P. cooperi. 
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Table 4.   Results of the Structure and Structurama analyses. 
Structure Structurama 
Species K lnP ΔK 
Ptychdena cooperi 1 -423.72 N/A 0.0 
2 -265.46 2725.832595 1.0 
3 -256.50 10.760230 0.0 
4 -255.52 6.817818 0.0 
5 -264.68 0.830933 0.0 
6 -277.18 N/A 0.0 
Ptychadena cf. neumanni 1 1 -1074.62 N/A 1.0 
2 -1034.38 62.145 0.0 
3 -1032.80 10.433 0.0 
4 -1033.88 0.698 0.0 
5 -1035.16 1.807 0.0 
6 1035.86 N/A 0.0 
Ptychadena cf. neumanni 2 1 -1471.56 N/A 0.0 
2 -1035.66 422.87 1.0 
3 -797.20 182.78 0.0 
4 741.52 2.90 0.0 
5 745.58 0.95 0.0 




break between east and west is also confirmed by the AMOVA analysis (table 3) which estimated 
that most of the variance comes from the variation among groups (61.68%) and within populations 
(31.12%). Finally, the Fst value between east and west calculated on a concatenated nuclear dataset 
is high and significant (Fst = 0.63). Thus, the nuclear data indicate a clear west/east break but did 
not reveal additional structure on the east. 
Using *BEAST (table 2), we estimated the divergence time between the western and eastern 
populations (using the mitochondrial and nuclear dataset and a mitochondrial mutation rate of 
0.957%) at ~ 0.50 my (0.14-1.07 95% HPD), in the mid Pleistocene. This is substantially younger 
than the mitochondrial divergence calculated with BEAST but this is expected since the divergence 
of mitochondrial linages will always pre-date population divergence. The divergence time was 
also estimated using the coalescent approach implemented in G-PhoCS (using only the nuclear 
genes and a nuclear mutation rate of 0.065%) and produced an estimate of 0.53my (0.28-0.91 95% 
HPD), which is remarkably similar to the *BEAST result (table 5). 
3.2.2. Demographic history 
 
The value of Θ calculated for the eastern and western populations, using both BPP (between 0.06 
and 0.1%) and G-PhocS (between 0.1 and 0.16%), are among the lowest one calculated in the four 
Ptychadena species, which was somewhat expected considering the very low amount of variation 
at all loci (table 5 and 6). Combined with an extremely low mitochondrial diversity (e.g. a single 
haplotype found on the eastern plateau), the low level of nuclear variation in P. cooperi suggests 
that this species has a low effective population size, compared with other Ethiopian Ptychadena 
(note that considering the extreme uncertainty in estimating a nuclear mutation rate, we chose to 



















Table 5.  Estimates of theta, tau and m using G--‐PHoCS. The mean and the 95% confidence intervals are indicated. The calibrated 




Ptychadena cooperi Ptychadena cf. neumanni 2 
 
   
Parameters Absolute values Calibrated values Absolute values Calibrated values 
 
 
θ west 0.001004  (0.000413--‐0.001817)  38,631 (15,890--‐69,870) 0.003792 (0.00218333--‐0.005813) 27,212 (10,519--‐46,106)  
θ east 0.001603 (0.000626--‐0.003001) 65,707 (24,059--‐115,415) 0.000675  (0.00027349--‐0.001199) 149,4546 (83,936--‐223,559) 
θ east--‐west 0.001568 (0.000525--‐0.002899) 63,346 (20,199--‐111,511) 0.005082 (0.00213806--‐0.007166) 198,253 (82,233--‐275,627) 
τ east--‐west 0.000362  (0.000181--‐0.000589) 528,861 (277,923--‐906,446) 0.000211  (0.00008744--‐0.000377) 339,231 (134,523--‐579,477) 
m east>west  0.000001 (0--‐0.002096)   0.0001 (0--‐0.0008)  0.000001 (0--‐0.002371)  0.0001 (0--‐0.0009) 


















Table 6.  Estimates of Theta obtained with BPP. 
 
 
Species Population Priors ϴ 2.5%HPD 97.5%HPD 
P. cf. neumanni 1  (2,10) 0.002909 0.001637 0.004258 
  (2,1000) 0.002520 0.001442 0.003663 
  (2,2000) 0.002226 0.001296 0.003231 
P. erlangeri  (2,10) 0.004324 0.002574 0.006218 
  (2,1000) 0.003606 0.002193 0.005108 
  (2,2000) 0.003122 0.001929 0.004404 
P. cf. neumanni 2 East of the GRV (2,10) 0.003653 0.002088 0.005343 
  (2,1000) 0.003079 0.001810 0.004442 
  (2,2000) 0.002680 0.001606 0.003825 
 West of the GRV (2,10) 0.001048 0.000357 0.001857 
  (2,1000) 0.000911 0.000308 0.001595 
  (2,2000) 0.000807 0.000275 0.001401 
P. cooperi East of the GRV (2,10) 0.001000 0.000182 0.001995 
  (2,1000) 0.000804 0.000162 0.001573 
  (2,2000) 0.000678 0.000140 0.001316 
 West of the GRV (2,10) 0.000785 0.000194 0.001460 
  (2,1000) 0.000684 0.000174 0.001264 




species). Considering the very low diversity at the loci studied here, the methods commonly used 
to infer changes in population sizes are unlikely to produce reliable results. With this in mind, we 
performed an EBSP analysis (figure 5), that suggested that P. cooperi population size has remained 
stable in the eastern side of the GRV and could have experienced a 10-fold increase in population 
size ~50,000 years ago. However we want to emphasize that these demographic reconstructions 
need to be interpreted with extreme caution since the very low level of variation in this species is 
unlikely to be sufficient for assessing accurately demographic trajectories. 
Migration rates estimated by G-PhoCS are extremely low with 95% credible intervals containing 
0 for both east-to-west and west-to-east estimates suggesting that, based on our data, the two 
populations have not exchanged migrants at detectable level since their split (table 5). 
3.3. Ptychadena cf. neumanni 2 
3.3.1. Mitochondrial analysis 
 
The COI analysis of P.cf. neumanni 2 included 60 individuals collected in 14 different localities, 
of which 6 were in the east and 8 in the west (table 1). The alignment consisted of 618 nucleotides. 
We detected 18 SNPs forming 14 haplotypes. Six of these haplotypes are unique to the western 
highlands and 8 to the eastern highlands, and no haplotypes are shared across the GRV. The ML 
and BEAST phylogenies recover 2 distinct clades corresponding to the western and to the eastern 
sides of the GRV (figure 6). The average genetic distance between haplotypes of the east and west 
was 1.8% and the time of divergence was estimated by BEAST at ~ 1.79 my. The amount of 
genetic variation is slightly larger in the eastern population (π=0.45) than in the western population 
(π=0.31) but the TMRCA of the two mitochondrial clades was remarkably similar at ~ 0.61 my 






Figure 5. Demographic trajectories of P. cooperi estimated by Extended Bayesian Skyline Plot 
(EBSP). The median population size is shown with a black line and the 95% credible intervals are 







Figure 6. Mitochondrial phylogeny of P. cf. neumanni 2 constructed using BEAST. The 
numbers at the nodes correspond to posterior probability values. The boxed numbers 





Consistent with the east/west split, the AMOVA estimated that 76.57% of the variance was 
accounted for by among groups differences (table 3). 
 
3.3.2. Nuclear variation and population structure 
 
The level of variation at the 4 nuclear genes is twice as high in P. cf. neumanni 2 as in P. cooperi, 
with 38 SNPs and nucleotide diversity ranging from 0.06 to 1.01 (Table 1). Two genes show a 
clear east/west break: Rag-1 and Tyr (figure 7). Only 2 out of 15 Tyr alleles and 1 out of 12 Rag- 
1 alleles are shared between the east and west of the GRV, the most common alleles being found 
at very different allelic frequency (see figure 7). Consequently, the level of differentiation 
estimated by Fst is high and significant for these two loci (0.274 and 0.555 for Rag-1 and Tyr, 
respectively; table 1). For CXCR4, a dominant haplotype is shared between east and west and is 
carried by 92% of all frogs. This dominant haplotype is the only allele found west of the GRV 
whereas 6 low frequency alleles are also found in the east. Similarly, a dominant allele is shared 
between east and west of the GRV at NCX1. Not surprisingly the Fst between east and west 
calculated for these two loci are very low and not significant (0.039 and 0.016 for CXCR4 and 
NCX1, respectively, table 1). Interestingly, for all genes analyzed here the genetic diversity is 
higher in the east than in the west of the GRV (table 1), suggestive of a larger effective population 
size. 
Consistent with the large difference in haplotype frequency between the east and the west at Tyr 
and Rag-1, the Structure and Structurama analyses strongly support the existence of 2 gene 
pools separated by the GRV (table 4). The genetic differentiation between east and west is also 














is explained by among group variation (76.57%). Finally the Fst  value calculated on a 
concatenated nuclear dataset is high and significant (Fst= 0.41). Together, these results strongly 
support the presence of two distinct geographic populations separated by the GRV in P cf. 
neumanni 2. 
Using *BEAST, we estimated the divergence time between the western clade and the eastern 
populations, at ~ 0.39 my (0.05-1.92 95% HPD), which is unsurprisingly younger than the BEAST 
estimate based on mitochondrial sequences alone (table 2). The G-PhoCS is remarkably close to 
the *BEAST estimate at ~0.34 my (table 5). 
3.3.3. Demographic history 
 
The values of Θ estimated with BPP suggest that the eastern population of P. cf. neumanni 2 is 
three times larger than the western population whereas G-PhoCS estimated that the eastern 
population was five times larger. This difference based on nuclear variation is larger than the 25% 
higher nucleotide diversity observed in the east relative to the west for the mitochondrial genome. 
The EBSP analysis (figure 8) suggests that the eastern population has remained relatively stable 
for most of the Pleistocene whereas the eastern population experienced a rapid 10-fold increase in 
population size in the last 20,000 years. It should be noted however that the western population 
has the same level of variation as P. cooperi, and for the same reason we mentioned above, this 
level of variation might be too low to capture the signature of a demographic change. The 
migration rates estimated by P-PhoCS are extremely low with 95% credible intervals containing 0 
for both east-to-west and west-to-east estimates suggesting that the two populations have not 






Figure 8. Demographic trajectories of P. cf. neumanni 2 estimated by Extended Bayesian 
Skyline Plot (EBSP). The median population size is shown with a black line and the 95% 




3.4. Ptychadena erlangeri 
3.4.1. Mitochondrial analysis 
 
The COI analysis of P. erlangeri included 36 individuals collected in 12 different localities, 2 of 
them in the east and 10 in the west (table 1). We recovered 41 SNPs and identified 14 
mitochondrial haplotypes, 9 of which are unique to the west, 3 are unique to the eastern highlands 
and 2 haplotypes are shared across the rift. Phylogenetic reconstructions reveal the presence of a 
major and widely distributed clade of 12 haplotypes (figure 9). 33 of the 36 individuals analyzed 
here and all the individuals from the east carry a mitochondrial haplotype belonging to this clade. 
The TMRCA of this major clade is ~0.51 my. Outside this main clade are found two deeply 
divergent lineages recovered in 3 individuals from the forests of the southwest. These two lineages 
differ on average from the main clade by 10.8 and 3.3% and their divergence from the main clade 
was estimated at 5.1 and 1.7 my (table 2). This amount of divergence is unusual within species, 
yet the persistence of ancestral mitochondrial lineages in frog populations has been observed in 
other taxa. It should be noted that the frogs carrying these divergent lineages come from localities 
where the main clade was recovered and that they are undistinguishable from other P. erlangeri 
when we looked at morphological or nuclear variation (see below). 
The amount of genetic differentiation between the east and west of the GRV assessed by Fst is 
very low and not significant, suggesting that P. erlangeri is composed of a single continuous 
population extending on both side of the GRV. The AMOVA analysis based on mitochondrial data 
(table 3) shows that there is no genetic differentiation between groups (defined as east and west of 








Figure 9. Mitochondrial phylogeny of P erlangeri constructed using BEAST. The numbers at 
the nodes correspond to posterior probability values. The boxed numbers correspond to the age 




3.4.2.Nuclear variation and population structure 
 
P. erlangeri is the Ptychadena species that harbors the highest genetic diversity, with a total of 68 
SNPs and nucleotide diversity π ranging from 0.27 to 1.26 %. This is exemplified at the Tyr locus 
where 29 SNPs defining 37 haplotypes are found (table 1). The level of differentiation at the 4 
nuclear genes between the east and the west of the GRV are all very low and non-significant (from 
0.029 to 0.109), which is consistent with the lack of differentiation reported for the mitochondrial 
sequences. Consistent with the low Fst values, the Structurama analysis suggests that there is no 
population structure in this species (table 4). Similarly, Structure calculated the lowest value of 
lnP when K=1 which is consistent with a single population (note that the ΔK method is not 
designed to infer the best value for K when K is lower than 2). Finally the AMOVA analysis based 
on the nuclear dataset indicate that the vast majority of the variation is found within population 
(90.14%) or between populations between groups (23.19%) (table 3). Together, all these analyses 
clearly indicate that there is a single population of P. erlangeri in Ethiopia and that the eastern and 
western populations constitute a single gene pool. 
3.4.3. Demographic history 
 
Consistent with a large genetic diversity, the Θ estimate is higher than in any other species, 
consistent with a larger effective population size (table 6). The demographic trajectory constructed 
with EBSP suggests a progressive population expansion beginning ~400,000 years ago (figure 10). 
This expansion is also supported by the significant negative value of Tajima’s D for the 







Figure 10. Demographic trajectories of P. erlangeri and of P. cf.neumanni 1 estimated by 
Extended Bayesian Skyline Plot (EBSP). The median population size is shown with a black 




3.5. Ptychadena cf. neumanni 1 
3.5.1. Mitochondrial analysis 
 
The COI dataset for P. cf. neumanni 1 included 49 individuals from 15 different localities all within 
the western highlands (table 1 and figure 11). The alignment consisted of 618 nucleotides, 8 of 
which were polymorphic. We identified 6 mitochondrial haplotypes with an average divergence 
of 1.10% and a TMRCA of 0.74 my. The phylogenetic reconstruction revealed two clades, which 
do not correspond to any geographic grouping, as individuals collected in distant localities cluster 
together and specimens from the same locality cluster separately (figure 11). For example, the 
same haplotype could be found in grasslands near Debre Libanos (north of Addis Ababa) and 300 
Km away in tropical forests near Jima in the southwest. This suggests a lack of genetic structure 
in this species and instead suggests the presence of a single gene pool throughout its distribution. 
3.5.2.Nuclear variation and population structure 
 
With 46 SNPs and nucleotide diversity ranging from 0.12 to 0.86, the amount of nuclear variation 
in P. cf. neumanni 1 is roughly in the same range as in P. cf. neumanni 2 but lower than in P. 
erlangeri, a species with largely overlapping range. Again we observe large differences in the 
amount of variation among genes, ranging from 5 SNPs and 6 haplotypes in NCX1 to 20 SNPs and 
24 haplotypes in Tyr. The Structurama analysis supported the presence of a single gene pool in P. 
cf. neumanni 1 (table 4). The value of lnP calculated by Structure did not improve significantly 
with K>1. In addition, Fst calculated between all pairs of population were consistently lower than 







Figure 11. Mitochondrial phylogeny of P. cf. neumanni 1 constructed using BEAST. The 
numbers at the nodes correspond to posterior probability values. The boxed numbers correspond 




shown). Since this species is limited to the western side of the GRV, there was no point 
performing an AMOVA. 
3.5.3. Demographic history 
 
This species is also characterized by a relatively high value of Θ but what is most interesting is its 
demographic trajectory built using EBSP: it is almost identical to the one obtained for P. erlangeri, 
with an expansion beginning a little more than 400,000 years ago (figure 10). It is striking and 







We performed a multi-locus phylogeographic analysis of 4 endemic Ptychadena species that differ 
in their distribution and ecological preference. Our results can be summarized as follow: (1) P. cf. 
neumanni 1 and P. erlangeri do not show any evidence for population subdivision and both species 
experienced a demographic expansion starting ~400,000 ago; (2) populations of P. cf. neumanni2 
and P. cooperi on the east and west of the GRV are genetically differentiated and have been 
isolated for at least ~500,000 years; (3) for most of the Pleistocene the population size of P. cooperi 
and P. cf. neumanni 2 remained stable but the eastern populations of P. cf. neumanni 2 and the 
western populations of P. cooperi have experienced a recent demographic expansion. 
Before further discussing our results, a word of caution is necessary. The number of genes analyzed 
here is small and the amount of variation at nuclear protein coding genes is low. In addition, there 
is considerable uncertainty about the mutation rate, particularly for nuclear genes. Thus, estimates 




believe that some of our results are robust despite the nature of our datasets. For instance, the 
mitochondrial phylogeny, the Structurama analysis and the AMOVA all support a role of the GRV 
in the splitting of P. cooperi and P. cf. neumanni 2 into two gene pools. Similarly, the 
mitochondrial and nuclear datasets are congruent in showing a lack of structure in P. erlangeri and 
P. cf. neumanni 1. It is extremely unlikely that more data would contradict these conclusions on 
population structure, although additional data would surely yield more accurate estimates of the 
timing of population subdivision and the effective population size of our focal species. Although 
estimating absolute dates and population sizes may be difficult with our data, it is possible to 
compare variation and divergence among species relative to each other since the same 
mitochondrial and nuclear genes were analyzed in all four species. 
Our analysis emphasizes the role of the GRV as a geographic barrier for highland adapted species. 
Undoubtedly, the GRV has prevented gene flow between eastern and western populations of P. cf. 
neumanni 2 and of P. cooperi. In these two species, the populations seem to have been isolated for 
the past ~0.5 my and that no recent gene flow has occurred. This mid-Pleistocene split between 
the eastern and western populations suggests that the climatic oscillations of the Pleistocene did 
not have an impact on their population structure across the rift. An ecological niche modeling 
analysis for present time and for the last glacial maximum performed by our collaborator Dr. Jose 
Anadon reveals that during the last glacial maximum the conditions in the GRV were favorable 
for the two Ptychaena species (figure 12). Yet, they did not cross, and neither did P. cf. neumanni 
1, which remained limited to the western highlands. Thus it seems that the GRV itself, possibly its 






Figure 12. Predicted distribution of the four Ptychadena species for the present time and the 
last glacial maximum as obtained from ecological niche modeling. Courtesy of Dr. Jose 




Different Ethiopian highland taxa seem to have responded similarly to the formation of the GRV, 
for example, (Ramdhani et al. 2008) suggest that the GRV may have influenced the high regional 
diversity and endemism of Kniphofia in Ethiopia. Recent studies on the Ethiopian wolf, Gelada 
baboons, and giant lobelias (Lobelia giberroa), have shown restricted gene flow between 
populations across the rift (Belay and Mori 2006; Gottelli et al. 2004; Kebede et al. 2007). Evans 
et al. 2011 reported no gene flow between eastern and western populations of the Ethiopian 
endemic aquatic frogs Xenopus clivii and X. largeni for the last 1-3.5 my (Evans et al. 2011). In 
Kenya, the eastern portion of the GRV was found to be a barrier impeding gene flow in populations 
of mosquitoes of the species Anopheles funestus and A. gambiae (Kamau et al. 2003; Lehmann et 
al. 2003). Wieczorek et al. (2000) suggested also that the formation of the GRV contributed to the 
speciation of Hyperolius by limiting gene flow (Wieczorek et al. 2000). 
For amphibians the GRV presents a double challenge, the arid conditions in the valley floor and 
the steep slopes in its upper portions. Recent studies suggest that mountain ridges and deep slopes 
can act as a dispersal barrier for amphibians (Funk et al. 2005; Guarnizo and Cannatella 2014; 
Lougheed et al. 1999), this could be due to physiological limitations (Lougheed et al. 1999) or 
because of the high energy cost of climbing steep slopes (Funk et al. 2005). Steep topography has 
been found to limit gene flow in the frogs Rana luteiventris (Funk et al. 2005; Murphy et al. 2010), 
Epipedobates femoralis (Lougheed et al. 1999), and Atelopus varius (Richards-Zawacki 2009). 
It remains true however that P. cooperi and P. cf. neumanni 2 are present on both side and that at 
some point the GRV could be crossed by these species. One possibility is that the floor of the GRV 
was much higher relative to the plateaus. It is well known that elevation of the GRV has changed 
through time. In a recent palynological study, it was shown that Hadar Formation (500m asl) was 




plausible explanations put forth by the authors is that perhaps the Hadar Formation stood at higher 
elevation back then and a down-faulting of 1000 m occurred 2.9 million years ago bringing Hadar 
to its current elevation. If this is true, the geographical expansion of P. cooperi and P. cf. neumanni 
2 could have very well occurred when the difference in elevation between the floor of the GRV 
and the plateaus was not a large as it is now. 
Our data suggest considerable differences in the demographic history of the 4 species examined 
here. The first difference is in the effective population size. P. erlangeri, P. cf. neumanni 1 and the 
eastern populations of P. cf. neumanni 2 have population size 5 times larger than P. cooperi and 
than the western population of P. cf. neumanni 2. The smallest population size of P. cooperi can 
be explained by the fact that it is the largest and most specialized species, based on our 
observations. The other species are considerably smaller, widespread on the grasslands and are 
likely to have a continuous distribution on the plateaus. On the other hand, P. cooperi is a very 
large frog, almost always found near streams of significant size. Interestingly a small effective 
population size was also found in Amietia angolensis, a large species that is also limited to stream 
habitats (see chapter 4). 
The demographic trajectories reconstructed using EBSP also appear very different among species. 
The western population of P. cf. neumanni 2 and the eastern population of P. cooperi seem to have 
experienced stable population size, the eastern population of P. cf. neumanni 1 and the western P. 
cooperi have experienced recent population expansion and P. cf. neumanni 1 and P. erlangeri have 
experienced a demographic expansion starting ~400,000 years ago. The very low variability 
observed in some species/populations renders the EBSP analysis extremely questionable. In 
particular, the species with the flattest EBSP curves are also the one with the lowest variation. 




and the eastern population of P. cf. neumanni 2) and in their cases, it is plausible that the EBSP 
reconstruction reflect faithfully the demographic trajectories of the species. In P. erlangeri and P. 
cf. neumanni 1, there is no evidence of recent (since LGM) population change as observed in 
organisms living at higher latitude suggesting that these species have not been affected by the most 
recent climatic changes of the late Pleistocene. This is consistent with the niche model of the LGM, 
which overlap broadly with the modern niche. In contrast, the demographic trajectory of P. cf. 
neumanni 2 shows some striking similarity with the recent expansion of organisms living at higher 
latitudes, such as in Europe. The contrast between these different species indicate that the species 
found at lower elevation, such as P. erlangeri and P. cf. neumanni 1, could have been less affected 
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Chapter IV 
The impact of the Rift Valley on the genetic structure of Ethiopian anurans: The 
case of Amietia angolensis, Tomopterna kachowskii and Leptopelis gramineus 
114
Abstract 
The highlands of Ethiopia sustain a variety of cool humid environments and are considered a 
biodiversity hotspot. They are separated by the Great Rift Valley (GRV), which is an area of 
hot and dry habitats, into western and eastern highland systems, with the Blue Nile River 
further dividing the western highlands. Amphibians are known to be poor dispersers, limited 
among other factors, by their low tolerance to aridity.  Here we examined the impact the GRV 
and past glaciations cycles during the Plio-Pleistocene have had on the evolutionary histories and 
population structure of three frog species with very different ecological preferences Amietia 
angolensis, Leptopelis gramineus and Tomopterna kachowskii. Using a combination of nuclear 
and mitochondrial loci we reconstructed their evolutionary history.   We identified a single gene 
pool in Tomopterna kachowskii, a species that tolerates dry conditions, but we found that in 
Amietia angolensis and Leptopelis gramineus, species that do not tolerate aridity, populations 
east and west of the GRV are significantly differentiated, with no present gene flow occurring. 
Our results confirm that the GRV constitutes an important biogeographic barrier in highland 
adapted anurans. Our results also point at the Blue Nile River as a biogeographic barrier, as we 
found a unique Amietia angolensis clade present only north of the Blue Nile River and we did 
not detect any gene flow between clades north and south of these river. Ecological niche 
modeling suggests the glaciation cycles during the Plio-Pleistocene did not have an effect on the 






The Ethiopian highlands constitute the largest continuous mountain system in Africa. These 
highlands are a biodiversity hotspot (Mittermeier et al., 2004), particularly in amphibians as 
~40% of the species found in the highlands are endemic (Largen 2001; Largen and Spawls 
2010). The Ethiopian highlands can be divided elevationally and ecologically into the Ethiopian 
plateaus, ranging from ~900 to 3,200m, and the Afro-alpine habitat, above 3,200m. The plateaus 
are currently covered with grasslands but this is the result of human agricultural practices and 
very little is left of the dry evergreen forests that originally covered the plateaus (EFAP 1994; 
Friis et al., 2011). The Ethiopian highlands are split in two uneven halves, the Western highlands 
(also called the Abyssinian massif) and the Eastern highlands (also known as the Harrar massif), 
by the Great Rift Valley (GRV). The GRV results from the splitting of the African plates into 
two plates, which began ~20 my ago (Chorowicz 2005; Sepulchre et al., 2006). The GRV and 
the low-elevation areas surrounding the highlands are dry and hot and currently act as barriers to 
dispersal for highland species and as corridors for lowland species. It is however unlikely that it 
was always the case. Since the late Miocene, the climate of East Africa has become increasingly 
arid and unstable (deMenocal 2004; Sepulchre et al., 2006), hot and dry periods alternating with 
wet and cool periods (Cerling et al., 2011; deMenocal 2004; Trauth et al., 2009; Trauth et al., 
2005). These wet-dry cycles have persisted in the Pleistocene, coinciding with glaciations at 
northern latitudes (Mark and Osmaston 2008). During hot periods the GRV could have acted as a 
barrier to dispersal for highland-adapted species as their distribution was being pushed to high 
elevations, however, when the climate was cool and wet, highland species could have expanded 
their distribution toward low elevations and could have eventually dispersed across the GRV. 
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The effect the GRV had on migration between populations from the eastern and the western 
highlands has been investigated in a handful of species, including emblematic taxa such as the 
Ethiopian wolf, the gelada baboon and the giant lobelia (Belay and Mori 2006; Gottelli et al., 
2004; Kebede et al., 2007). In all species examined, there is a clear genetic break between 
populations situated on the East and the West of the GRV, suggesting the Rift constitutes a major 
barrier to dispersal in these organisms. However, it is likely that organisms have been differently 
affected in their dispersal by this biogeographic barrier. For instance, the east-west genetic break 
in the Ethiopian wolf is probably recent and could have followed the last de-glaciation event 
15,000 years ago (Gottelli et al., 2004). In contrast, populations of the African clawed frogs 
Xenopus clivii and Xenopus largeni have been isolated on each sides of the Rift for ~1-3.5 
million years, with little or no migration (Evans et al.,2011), which is surprising as X. clivii has 
been found at relatively low elevation in the GRV (Largen and Spawls 2010). At this point, the 
significance of the GRV as a biogeographic barrier has been examined in a very small number of 
species and further comparative studies are necessary to determine how the Rift has affected 
dispersal in organisms with different ecological requirements. 
 
 
We decided to examine the impact the GRV has had on the population structure of three frog 
species with different ecology, behavior and habitat preference: Amietia angolensis (Bocage 
1866), Leptopelis gramineus (Boulenger 1898) and Tomopterna kachowskii (Nikolskii 1900). A. 
angolensis is a widely distributed frog, found from South Africa to Ethiopia, although it is likely 
that A. angolensis is in fact a species complex (Channing and Howell 2006). In Ethiopia A. 
angolensis is relatively abundant on the plateaus, east and west of the Rift, and in the forests of 
the south west, from elevation 1,000 to 3,100m (Largen and Spawls 2010). This species is 
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always found near water and seems to favor the vegetation along fast-running streams.  
Leptopelis gramineus is a fossorial and secretive species which is endemic to Ethiopia (Largen 
and Spawls 2010). L. gramineus is commonly found on the plateaus but it can also reach high 
elevations, having been reported in the afro-alpine habitat. It is also found in the tropical humid 
forests of the South, only avoiding dry areas, such as the floor of the GRV. T. kachowskii is an 
endemic species from the horn of Africa which belongs to a genus commonly referred as sand 
frogs (Zimkus and Larson 2011). It is only recently that the validity of T. kachowskii as a distinct 
species has been demonstrated (Zimkus and Larson 2011). Consequently, little is known       
about the distribution and ecology of this taxon. It has been collected on both side of the GRV, at 
intermediate elevation, and on the GRV floor, suggesting it can tolerate dry conditions (Zimkus 
and Larson 2011). We performed a phylogeographic analysis of these three taxa using a 
combination of mitochondrial and nuclear loci and we compared the impact the Great Rift Valley 
has had on the genetic structure of these species. 
 
 
2. Material and methods 
 
2.1. Sample collection and molecular analyses 
 
Specimens of Tomopterna kachowskii (N=40), Amietia angolensis (N=35) and Leptopelis 
gramineus (N=34) were collected from 45 localities on each side of the GRV. Collection and 
export permits were obtained from the Ethiopian Wildlife Conservation Agency. The origin of 
each sample is listed on a table in appendix 4.1. Dissections were performed immediately after 
the frogs were euthanized by ventral application of benzocaine. Liver or muscle samples were 
preserved in 70% ethanol. All specimens were deposited at the Natural History Museum of 
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Addis Ababa University. Genomic DNA was isolated from the ethanol-preserved tissues using 
the Wizard® SV genomic DNA purification system (Promega). Two mitochondrial genes were 
amplified and sequenced: 505bp of the cytochrome oxidase 1 gene (COI) in T. kachowskii and L. 
gramineus and 962bp of the NADH dehydrogenase subunit II (ND2) in A. angolensis. 
Depending on the species, 3 to 5 nuclear genes were amplified and sequenced. In T. kachowskii,  
a region of 614bp in the recombinase activating gene 1 (Rag-1), a region of 791bp in the second 
exon of the sodium/calcium exchanger gene 1 (NCX1), a 452bp fragment in the brain-derived 
neurotrophic factor gene (BDNF) and 785bp of the solute carrier family 8 member 3 gene 
(SLC8A3). In A. angolensis, we sequenced 791bp of Rag-1, 563bp of BDNF and a 540bp region 
in the first exon of the tyrosinase gene (Tyr). In L. gramineus we sequenced 699bp of Rag-1, 
554bp of NCX1, 400bp of BDNF, 442bp of Tyr and a 566bp region in the recombinase activating 
gene 2 (Rag-2). PCR conditions consisted of an initial denaturation step at 94C for 2 min, 
followed by 30 cycles for 30s at 94C, 30s at 48-60C depending on the primer pairs, 1 min at 72C, 
then a final extension at 72C for 1min. The sequences of the primers and the annealing 
temperatures are presented in appendix 4.2. PCR products were purified and sequenced in both 
directions by the High Throughput Genomics Unit at the University of Washington in Seattle. 
Chromatograms were imported into Geneious Pro version 6.4 created by Biomatters available at 
http://www.geneious.com. Putative heterozygotes were assessed based on quality score and 
verified by visual inspection of the chromatograms. The reverse and forward reads were 
assembled into contigs and alignments were generated for each locus. The gametic phase of each 
nuclear haplotype was resolved using PHASE 2.1 implemented in DNAsp. 
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2.2. Phylogenies and Networks 
 
Mitochondrial genes were analyzed phylogenetically using maximum-likelihood and Bayesian 
methods. The substitution model that best fits the data was determined using the Bayesian 
Information Criterion in MEGA 5.0 (Tamura et al., 2011). Maximum likelihood phylogenies 
were reconstructed using the MEGA 5.0 and the robustness of the nodes was assessed using 
1,000 bootstrap replicates. Bayesian phylogenies were reconstructed using MrBayes 3.2 
(Ronquist et al., 2012). Analyses were run for 20,000,000 generations and we sampled 10,000               
trees, discarding the first 1,000 as burn-in. The time to most recent common ancestor (TMRCA) 
for each mitochondrial lineages and the divergence between mitochondrial lineages were 
estimated using the program BEAST v1.8 (Drummond et al., 2012). Analyses were performed 
using the HKY + Gamma model of substitution. We used a coalescent tree prior, an uncorrelated 
relaxed clock and we assumed a constant population size. Analyses were ran for 100,000,000 
generations from which 100,000 trees were sampled following a 10% burn-in. Results were 
checked for convergence using Tracer v1.6 (Rambaut et al., 2014). Divergence times were 
estimated using two mutation rates. For ND2, we used the commonly used anuran rate of 0.957% 
per lineage per million years (Crawford 2003). We previously showed that the mutation rate for 
COI was 0 to 25% slower than for ND2, depending on the species (Freilich et al., 2014). Thus we 
used both the ND2 rate of 0.957% and a 25% slower rate of 0.78% per lineage per million years. 
As the number of polymorphisms in the nuclear genes was very small, we estimated the 
relationship between alleles using a network approach instead of a traditional phylogenetic 
method. To this end, networks for each locus were constructed using the median-joining method 






2.3. Population Structure 
The population structure within each species was inferred using several approaches. First, we 
used the Bayesian clustering program Structure v2.3.3. (Pritchard et al., 2000) on the nuclear 
data. Structure estimates the likelihood of a user-set number of clusters (K) and assigns 
individuals to each cluster. We ran the model with or without admixture for 200,000 generations, 
with 10,000 discarded as burn-in. Five runs were performed for each value of K ranging from 1 
to 6. We assessed the level of support for each value of K using the ad hoc approach proposed by 
Pritchard et al. (2000) as well as the delta-K criterion of Evanno (Evanno et al., 2005), calculated 
with Structure Harvester (Earl and Vonholdt 2011). We also used a second Bayesian clustering 
approach, implemented in Structurama version 2.0 (Huelsenbeck and Andolfatto 2007). 
Structurama treats the number of population as a random variable using a Dirichlet prior and 
assigns individuals to each inferred populations. We performed the analysis using five priors with 
a mean number of clusters 1 to 6. We also treated the concentration parameter as an hyper- 
parameter and used a gamma hyper-prior G(2.5, 0.5). The Markov Chain Monte Carlo was run 
for 1,000,000 cycles, sampled every 100
th 
cycle and discarded the first 5,000 as burn-in. We used 
the “no admixture” model on all analyses. Relying solely on Bayesian clustering analyses to infer 
the number of populations in a sample has been recently questioned (Hausdorf and Hennig 2010; 
Kalinowski 2011; Orozco-terWengel et al., 2011). Thus, we also assessed the level of 
differentiation between each sampled populations by calculating Fst for each gene and for the 
entire nuclear dataset. Individuals sampled 20km from each others were pooled and considered 
part of the same population. These calculations were performed using Arlequin v3.5 (Excoffier 
and Lischer 2010). To assess the effect of the Rift Valley on population structure we performed 
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an analysis of molecular variance (AMOVA) (Excoffier et al., 1992) on the mitochondrial 
datasets and on a concatenated nuclear dataset using Arlequin (Excoffier and Lischer 2010). 
Populations were divided into two groups, the populations west of the Rift and the populations 
east of the Rift. The AMOVA partitions hierarchically genetic variation among populations 
relative to the total sample, among populations within regions, and among regions. Significance 
of the results was assessed by 10,000 permutations of the data matrix. For each population 
(defined by Bayesian clustering or by geography), we calculated a number of descriptive 
statistics including the number of segregating site (S), the number of haplotypes (h), the 
nucleotide diversity (Π), Waterson’s estimator of nucleotide diversity (θ), and Tajima’s D 
(Tajima 1989). These calculations were performed using the program DnaSP version 5 (Librado 
and Rozas 2009). 
 
2.4. Timing of divergence and demographic history 
 
We estimated the divergence time between populations using the species tree approach 
implemented in *BEAST (Heled and Drummond 2010). *BEAST implements a probabilistic 
framework using sequences from several unlinked loci and several individuals per populations to 
infer a species / population tree and to estimate the divergence time of the populations. *BEAST 
analyses were performed using the mitochondrial genes and 3 to 5 nuclear genes, depending on 
the species. The substitution models used were HKY+Gamma for the mitochondrial genes and 
HKY for the nuclear genes. For divergence time estimation we used the ND2 mutation rate of 
0.957% for Amietia angolensis and the two COI mutation rates of 0.957 and 0.78% for 
Leptopelis gramineus. We placed normally distributed prior probabilities around the mutation 
parameters for each nuclear gene with a starting mean of 1. The divergence times were estimated 
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under the uncorrelated relaxed-clock tree model with a Yule prior. Analyses were run twice for 
400,000,000 generations, sampling every 10,000 generations for a total of 40,000 trees. 
Convergence between the runs was monitored using the effective sample size (ESS) values 
obtained using Tracer v1.6. The initial 10% of the runs were discarded as burn-in and maximum- 
clade credibility trees with divergence time estimates were obtained using TreeAnnotator in 
BEAST v1.8 (Drummond et al., 2012). 
 
 
Divergence times were estimated using a second method, implemented in G-PHoCS (Gronau et 
al., 2011). Using a coalescent framework, G-PHoCS estimates key population genetics 
parameters including population sizes (θ), population divergence times (τ) and migration rates 
(m) from unlinked nuclear loci. G-PHoCS integrates all possible phases of diploid genotypic 
data, thus removing a potential source of error in phylogeographic analyses. We evaluated the 
effect of different priors of the gamma distribution G(α,β) for the θ and τ parameters, which were 
~G(2,10), ~G(2,1000) and ~G(2,2000). For each set of priors we ran five replicates with different 
seeds for 500,000 generations, with a sampling interval of 50 generations and we assessed 
convergence of separate runs using Tracer v1.6. Demographic parameters estimated by G-PHoCS 
are given as relative values as they are scaled by the mutation rate, which requires a conversion to 
obtain values in time or number of individuals (Freedman et al., 2014; Gronau et al., 2011). As 
we do not have reliable outgroups with accurate divergence time for any of the taxa analyzed 
here, we used an average of the mutation rates calculated in Freilich et al. for 4 nuclear genes 
(Freilich et al., 2014) of 0.065% per my, which is consistent with the 16-fold difference between 
the mitochondrial and nuclear mutation rate in anurans estimated by Crawford (Crawford 2003). 
Unfortunately there is very little information available on the reproduction of these species,  
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particularly in terms of generation time. Considering that the activity (and consequently the 
growth) of these species is probably limited during the dry season, it seems reasonable to assume 
an age at maturity of 2 years. As G-PHoCS is designed to analyze multiple populations, we 
estimated the effective population size of Tomopterna kachowskii (which does not show any 
population structure; see results) using the BPP software (Yang 2002), which uses the same 
coalescent framework as G-PHoCS. 
 
The demographic trajectory of each population was further analyzed using the extended Bayesian 
skyline plots (EBSP) on the multi-locus data (Heled and Drummond 2008). The EBSP uses the 
coalescent history of multiple genomic loci to estimate the number and extent of population size 
changes in the past. For the EBSP, all loci were assigned different substitution models, clock 
models and trees. The clock rates for the nuclear genes were assigned a uniform [0,1] prior 
distribution and the rates were estimated relative to the mitochondrial sequences, using the 
0.957% for ND2 and the two mutation rates for COI. 
 
2.5. Ecological Niche Modeling (performed in collaboration with Dr. Jose Anadon, QC) 
Habitat suitability maps for the present time and for the Last Glacial Maximum (LGM, 21ky) 
and species’ presence/absence data were modeled following the same methodology described in 
chapter 3 of this thesis. Presence/absence data originated from the sampling localities of this 
work as well as locations from literature review. In total (resolution 2.5min) our database 
comprised 142 localities, with 16 occurrences for T. kachowskii, 13 for A. angolensis and 24 for 






3.1. Tomopterna kachowskii 
 
We sequenced the mitochondrial COI gene and 4 nuclear genes (Rag-1, NCX1, BDNF and  
SLC8A3) in 40 Tomopterna kachowskii individuals from 16 localities from the eastern and  
western highlands as well as in the southwestern part of the country (figure 1 and table 1). T. 
kachowskii is distributed across a large range of elevations (from ~1,300 to ~2,600 m above sea 
level), as well as in a large diversity of habitats (from dry lowland savannah to mid-elevation 
grasslands). The ENM for T. kachowskii for the present time included four climatic variables and 
explained 30.80% of the deviance (Table 2). AUC value for this model was 0.92, indicating very 
good prediction ability (appendix 4.4). ENM shows that the species has a continuous distribution 
in the lowland, with populations also occurring in the mountain flanks, being only absent from 
the highest elevations (Figure 2). We identified 15 mitochondrial haplotypes with divergence 
ranging from 0.2% to 2.4%. These haplotypes were used for phylogenetic analyses using 
maximum likelihood and Bayesian methods. All methods yielded similar topologies and only the 
BEAST tree is shown here (figure 1). The phylogeny shows that mitochondrial haplotypes 
cluster into two well-supported clades, each clades containing additional sub-clades. 
Mitochondrial haplotypes do not group on the phylogeny according to geography as the two 
main clades are found on both side of the Rift. The three most common haplotypes are 
widespread across the eastern and western highlands and were recovered from localities that 
were more than 400km apart. The time to the most recent common ancestor (TMRCA) of the 
mitochondrial tree was dated ~0.86-1.10 my (table 3). An AMOVA analysis based on 
mitochondrial sequences revealed that most of the variation is found within populations (67.4%) 











     Table 1.  Diversity and differentiation of mitochondrial and nuclear DNA in Tomopterna kachowskii, Amietia angolensis  
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Figure 1.  A. Mitochondrial phylogeny of T. kachowskii constructed using BEAST. The numbers 
at the nodes correspond to posterior probability values. The boxed numbers correspond to the 
























































































Table 2. Generalized Linear Models for the distribution of Tomopterna kachowskii, Amietia angolensis and Leptopelis 
gramineus in Ethiopia. The variables are shown in the order they entered into the model according to AIC criteria. 
Explained deviance of the partial and final models are also shown. Six candidate bioclimatic variables were considered in 
the models: MDR=Mean Diurnal Range (not shown), ISOT=Isothermality, PRECQ = Precipitation of Coldest Quarter, 
TEMWQ = Mean Temperature of Warmest Quarter, PREWM=Precipitation of Wettest Month, PREWQ= Precipitation of 
Warmest Quarter. (2) indicates quadratic response. 
 
 
Tomopterna kachowskii Amietia angolensis Leptopelis gramineus 
Order Variable AIC D
2 Variable AIC D
2 Variable AIC D
2 
 
1 PRECQ 97.99 6.00 PRE    
2 86.04 7.93 TEM    2 118.58 14.90 
WQ WQ 
2 TEM    2 90.00 
WQ 17.99 PREWM 85.12 11.29 PREWQ 103.68 27.65 
3 PRE    2 86.12 
WQ 25.87 TEMWQ 84.58 14.21    
4 ISOT











Figure 2. Predicted distribution of the three species for the present time and the last glacial 
maximum as obtained from ecological niche modeling. The color gradient indicates the number 














Table 3. Time of divergence. Ages are in million years and the numbers in parentheses correspond to the 95% highest posterior 
density. 
 
BEAST analysis of mitochondrial DNA *BEAST species tree 
 
 0.78% 0.957%  0.78% 0.957% 
Tomopterna TMRCA 1.10 (0.57 ( 1.87) 0.86 (0.45 ( 0.14)  _ _ 
Amietia TMRCA ( East _ 0.12 (0.03 ( 0.26)  _ _ 
 TMRCA ( West _ 0.39 (0.19 ( 0.64)  _ _ 
 TMRCA ( North _ 1.45 (0.59 ( 2.23)  _ _ 
 Divergence (East, West) _ 0.88 (0.48 ( 1.45)  _ 0.42 (0.09 ( 3.10) 
 Divergence North (East, West) _ 3.28 (1.75 ( 4.98)  _ 1.74 (0.58 ( 5.12) 
Leptopelis TMRCA ( Arsi 0.85 (0.45 ( 1.36) 0.67 (0.36 ( 1.08)  _ _ 
 TMRCA ( West 1.70 (0.94 ( 2.68) 1.34 (0.76 ( 2.10)  _ _ 
 TMRCA ( Kibre Mengist 1.28 (0.59 ( 2.17) 0.99 (0.47 ( 1.71)  _ _ 
 TMRCA ( Bale 0.48 (0.12 ( 1.00) 0.37 (0.10 ( 0.79)  _ _ 
 Divergence ( node 1 7.00 (4.75 ( 10.00) 5.47 (3.66 ( 7.83)  2.68 (1.31 ( 4.28) 2.00 (1.02 ( 3.34) 
 Divergence ( node 2 5.44 (3.86 ( 7.39) 4.26 (3.06 ( 5.85)  1.53 (0.86 ( 2.45) 1.21 (0.70 ( 1.94) 
















Table 4.  Mitochondrial and nuclear DNA herarchical analysis of molecular variance (AMOVA). 
 
 
 Source of variation Mitochondrial DNA   Nuclear DNA  
 % of variation P(value  % of variation P(value 
Tomopterna kachowskii Among groups (13.97 0.9990  (0.18 0.4624 










 Within populations 67.41 0.0000  99.1 0.3724 
Amietia angolensis Among groups 84.99 0.0127  69.89 0.0098 










 Within populations 4.16 0.0000  23.32 0.0000 






34.01 0.0000 12.55 0.0000 




contribute to the overall genetic variance in this species (table 4). 
Consistent with the phylogenetic analysis and the AMOVA, the amount of genetic differentiation 
between the east and the west of the Rift estimated by Fst is not significantly different from 0 
(table 1). 
 
The total number of single nucleotide polymorphisms (SNPs) recovered in nuclear genes is 28 
and correspond to an average of 7 SNPs/gene. Networks were constructed using the median- 
joining method for each nuclear gene (figure 3) and they all revealed the same patterns, i.e. 
extensive allele sharing between populations on the east and the west side of the GRV. The 
nuclear loci were used in a Structure analysis, with the number of presumptive population (K) 
ranging from 1 to 6. The most likely number of populations in this sample was determined as 1 
based on the Pr(K|X) criterion and as 2 by the delta-K criterion, which is not designed to chose 
the best value of K when K<2 (table 5). Similarly the Structurama analysis provides very strong 
support in favor of a single population (table 5). Consistent with an absence of genetic 
differentiation, very low and non-significant Fst values were calculated for each locus (table 1). 
AMOVA analysis for each nuclear gene (not shown) and for a concatenated dataset of the 4 genes 
(table 4) revealed that 99% of the genetic variation can be explained by the amount of variation 
within populations. Clearly, all the methods used to detect genetic structure in T. kachowskii, 
using either the mitochondrial or the nuclear datasets, demonstrate that this species consists of a 
single gene pool and that the GRV has no impact on its genetic structure. 
 
 
The BPP estimates of effective population size based solely on nuclear genes are remarkably 
consistent across priors and suggest an effective population size for T. kachowskii of ~350,000 to 
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~450,000 (table 4 of the supplementary material). The population size trajectory determined by 
EBSP is suggestive of a 10-fold gradual increase through time (figure 4).  The root of the T. 
kachowskii lineage was traced back ~900,000 year (which is consistent with the BEAST 
analysis; table 3 and figure 1) with the gradual change in effective population size starting 
~400,000 years ago. This estimate is however dependent on the mutation rate used as the 25% 
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Table 5. Structure and Structurama analysis based on autosomal loci. For Structure, the 
probability of each K given the data (Pr(K|X)) was calculated using the ad hoc method 
described by Pritchard et al. (2000). The optimal number of K was also determined using 
the ΔK method of Evanno et al. (2005). For the Structurama we present the posterior 
probability assuming a gamma hyper6prior G(2.5,0.5). 
 
Species K   Structure   Structurama 
   lnP Pr(K|X) ΔK   
Tomopterna kachowskii 1  6513.10 0.99 NA  0.99 
 2  6529.50 0.00 13.76  0.01 
 3  6628.72 0.00 0.70  0.00 
 4  6665.20 0.00 0.34  0.00 
 5  6719.50 0.00 2.65  0.00 
 6  6632.14 0.00 NA  0.00 
Amietia angolensis 1  6296.98 0.00 NA  0.00 
 2  6169.80 0.00 1292.20  0.99 
 3  6171.84 0.00 12.22  0.01 
 4  6153.88 0.99 15.80  0.00 
 5  6172.26 0.00 2.67  0.00 
 6  6182.58 0.00 NA  0.00 
Leptopelis gramineus 1  61446.66 0.00 NA  0.00 
 2  61072.24 0.00 514.90  1.00 
 3  6978.90 0.00 2.69  0.00 
 4  61018.82 0.00 0.68  0.00 
 5  6888.98 0.00 5.66  0.00 
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3.2. Amietia angolensis 
 
We analyzed the mitochondrial ND2 gene and three nuclear genes (Rag-1, BDNF and Tyr) in 35 
Amietia angolensis from 13 localities: 3 on the east of the Rift and 10 on the west, including 3 
north of the Blue Nile (figure 5 and table 1). The sampling was performed along fast running 
streams at elevation ranging from ~2,300 to ~2,808 m asl. ENM for A. angolensis for the present 
time included three climatic variables, which explained 14.21% of the deviance (table 2). 
Although ENM for this species showed the lowest performance among the three species analyzed 
here, the prediction ability is very satisfactory (AUC =0.77, appendix 4.4).  ENM for the present 
time shows that the species is linked to the Ethiopian Highlands with a lower suitability for the 
GRV (Figure 2). Only one of the threshold criteria (minimum probability in occurrence locations) 
included the GRV within the species predicted range. 
 
 
All phylogenetic reconstructions based on mitochondrial sequences support three clades with 
defined geographic distribution: a clade limited to the eastern side of the Rift Valley, a clade on 
the western side of the Rift south of the Blue Nile Valley and a more divergent clade on the 
Northern side of the Blue Nile (figure 5). The amount of divergence between the North of Nile 


















































Figure 5. A. Mitochondrial phylogeny of A. angolensis constructed using BEAST. The numbers 
at the nodes correspond to posterior probability values. The boxed number corresponds to the age 
of the nodes using the ND2 mutation rate (0.957%). B. Map showing the origin of the     
samples. C. Population phylogeny reconstructed using *BEAST. The boxed numbers correspond 









































































and the eastern clades is ~1.3%. An AMOVA confirms the high level of mitochondrial structure, 
as ~85% of the variation comes from among group variation (table 4). 
 
 
The amount of variation in nuclear genes is low in A. angolensis, the total number of SNPs being 
17, for an average of 5.7 SNPs/gene. Yet the nuclear genes contain significant phylogeographic 
information, as two of the nuclear loci contain SNPs that are diagnostic of the western 
populations south of the Blue Nile (figure 3). There are however no fixed differences between 
the eastern populations and the populations north of the Blue Nile. The Structure analysis 
suggests the presence of two populations by the delta-K criterion but four by the Pr(K|X) 
criterion (table 5). The two populations suggested by delta-K correspond to a population 
containing all individuals of the western mitochondrial clade and a composite population 
containing individuals collected north of the Blue Nile and east of the GRV. The Pr(K|X) 
criterion also separates the individuals of the western clade but does not reveal any biologically 
meaningful structure in the samples from the north and the east. The Structurama analysis is 
highly consistent with the Structure analysis and recovers 2 groups in all analyses: a group 
corresponding to the western clade and a composite east-north group (table 5). It is surprising 
that Structure and Structurama fail to separate the populations north of the Blue Nile and east of 
the Rift, considering the eastern and western populations are much closer mitochondrially. This 
lack of resolution is probably due to the small number of loci used and by the very low nuclear 
variation recovered in this species (table 1). Although Structure and Structurama do not provide 
support for three populations, the significant values of Fst between the northern populations and 
the population on the east of the GRV at all loci (table 1) indicate that these populations are 









Table 6. Coefficient of differentiation (Fst) among populations of Leptopelis gramineus and Amietia 
angolensis based on all nuclear loci. 
 





Arsi     _  
  Kasha 0.2281     _ 
  Kibre Mengist 0.0825 0.1227      _ 
 West  0.5827 0.5321 0.5678 0.5037 
     Amietia angolensis East North 
  East     _ 
   North 0.4385     _ 







Finally, we performed an AMOVA on all nuclear loci and found that ~70% of the variation is 
explained by among group variation (table 4). Thus, the analyses performed here clearly indicate 
a genetic break between the east and the west of the GRV and suggest that populations north of 
the Nile are genetically differentiated from the other two. 
 
 
The BEAST analysis suggests that the east and west mitochondrial lineages split ~0.88 my ago 
(0.48-1.45 95% highest posterior density or HPD), in the mid-Pleistocene (table 5). The 
*BEAST analysis, which takes into account the coalescent of the four loci, estimated the 
divergence between the eastern and western populations at 0.42 my (0.09-3.10 95% HPD) (table 
3). The BEAST and *BEAST estimates are substantially different, yet the 95% HPD overlap 
broadly and it is expected that divergence times estimated from species trees (*BEAST) are 
younger than estimates from gene trees (BEAST), as divergence between alleles should pre-date 
population divergence. Finally, the east-west split was estimated with G-PHoCS (table 7), using 
only the three nuclear genes and a different mutation rate than *BEAST, and yielded a 
remarkably close estimate of 0.42 my (0.15-0.71 95% HPD). The estimates of divergence of the 
northern populations were different across methods, with a BEAST estimate at 3.28 my, a 
*BEAST estimate at 1.74 my and a G-PHoCS estimate at 0.65 my. This is likely caused by the 
apparent discordance between the large mitochondrial divergence and the low level of 
differentiation observed at nuclear loci. 
 
 
The effective population sizes estimated by G-PHoCS are relatively similar among populations 
ranging from ~39,000 for the western population to ~78,000 for the eastern population, with 















Amietia angolensis Leptopelis gramineus 
 









θ east 77,957 (26,881(138,172)  θ Kibre Mengist 576,165 (282,975(913,262) 
θ north 53,405 (11,469(104,659)  θ Kasha 831,720 (271,685(1,482,079) 
θ west(east 55,197 (5,734(115,949)  θ West 517,383 (265,771(808,781) 
θ root 51,612 (2,508(111,469)  θ Arsi(Kibre Mengist 797,670 (89,964(1,652,151) 
τ west(east 417,491 (147,096(708,243)  θ Arsi(Kibre Mengist(Kasha 1,022,939 (232,079(1,899,283) 
τ root 652,043 (272,401(1,089,605)  θ root 554,839 (252,151(901,971) 
m west => east 0.0022 (0.0000(0.0114)  τ Arsi(Kibre Mengist 666,953 (180,645(1,129,749) 
m east => west 0.0010 (0.0000(0.0058)  τ (Arsi(Kibre Mengist)(Kasha 1,050,896 (539,068(1,628,673) 
m west => north 0.0006 (0.0000(0.0032)  τ root 2,097,204 (1,353,405(2,864,516) 
m north => west 0.0008 (0.0000(0.0051)  m west => east 0.0001 (0.0000(0.0007) 
   m east => west 0.0001 (0.0000(0.0007) 
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population size ( ~50,000; θwest-east and θroot in table 7) are similar to the estimates obtained for 
modern populations suggesting the effective population size has remained relatively constant in 
this species. This is confirmed by the EBSP analysis (figure 4), which indicates that both the 
eastern and western populations have remained stable, since and before their split. Finally the 
migration rates estimated by P-PHoCS are extremely low and the 95% credible intervals contains 
0 for all migration estimates (table 7), suggesting that the three populations of A. angolensis have 
not been exchanging migrants at a detectable level since their split. 
 
 
3.3. Leptopelis gramineus 
 
We sequenced the mitochondrial COI gene and 5 nuclear genes (Rag-1, NCX1, BDNF, Tyr and 
Rag-2) in 34 specimens of Leptopelis gramineus collected from 17 localities, 5 on the western 
side of the GRV and 12 on the eastern side (table 1 and figure 6). The sampling sites on the east 
include 6 grassland localities ranging from ~2,400 to ~3,000 m asl and 6 localities in the tropical 
humid forest flanking the southern side of the eastern highlands, at elevation ~2,100 to ~2,400 m. 
Five of the western localities were in highland grasslands between ~2,600 and ~2,800 m asl 
whereas a single locality 40Km south west of Jimma was in a humid tropical forest (at elevation 
~2,100 m). ENM for L. gramineus for the present time included only two variables that jointly 
explained 27.65% of the deviance (Table 2). AUC for this model (0.86) indicated very good 
prediction ability (appendix 4.4). ENM shows that L. gramineus has the most narrow niche and 
restricted distribution range of the three frog species considered in this work (Figure 2). Current 
favorable climatic conditions are limited to the highlands and to the humid forests of the south. 


































Figure 6. A. Mitochondrial phylogeny of L. gramineus constructed using BEAST. The numbers 
at the nodes correspond to posterior probability values. The boxed number corresponds to the age 
of the nodes using two mutation rates (0.957% and 0.78%). B. Map showing the origin of the 
samples. C. Population phylogeny reconstructed using *BEAST. The boxed numbers correspond 




























































































All phylogenetic reconstructions based on the COI gene produced identical topologies indicative 
of 4 well supported and highly divergent mitochondrial lineages (figure 6), with defined 
geographic distributions. The average distance between these clades is remarkably high, ranging 
from 6.4 to 8.0%. One of the clades includes all haplotypes from the west side of the GRV 
whereas three clades are found in the east: a clade found on the Arsi plateau and at high 
elevations in the Bale massif (referred as the Arsi clade on table 3), a clade found exclusively 
near Kasha in the Harenna forest (Kasha clade) and a clade found in the forest of the 
southernmost portion of the eastern massif, near the town of Kibre Mengist (Kibre Mengist 
clade). Interestingly the western clade is nested within the three eastern clades, which are not 
forming a monophyletic group. Consistent with a clear east-west break and with the presence of 
divergent mitochondrial lineages in the east, the AMOVA reveals that 52.15% of the 
mitochondrial variation is explained by differences among groups and 34.01% by differences 
among populations within groups (table 4). 
 
 
The level of nuclear variation in L. gramineus is comparatively higher than in the other two 
species with a total of 94 SNPs and an average of 18.8 SNPs/locus (table 1). Although the 
number of SNPs is large, a single one (at the Rag-1 gene) separates the populations west and east 
of the GRV (figure 3). The Structure analysis supports the presence of two populations by the 
delta-K criterion but six populations by the Pr(K|X) criterion. The two populations suggested by 
delta-K correspond to a population west of the GRV and a single population on the east. The 
Pr(K|X) criterion also separates the individuals of the western side of the GRV but does not 
reveal any biologically meaningful structure in the samples from the east. Consistent with the 
Structure analysis, Structurama recovers 2 groups: a group corresponding to the populations 
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west of the GRV and an eastern group (table 5). Interestingly, the Bayesian clustering analyses 
support two populations separated by the GRV but did not recover any genetic structure in the 
east, although the mitochondrial analysis suggested the presence of three distinct populations on 
this side of the GRV. The AMOVA performed on the 5 nuclear genes confirmed the validity of 
the east-west break, as 47.76% of the variation is explained by variation among group, and the 
lack of strong structure within each group, as only 12.55% of the variation is explained by 
variation among populations, within groups (table 4). Fst (table 6) calculated between the western 
population and each of the eastern populations yielded high and significant values (from 0.53 to 
0.58) whereas Fst among eastern populations defined by their mitochondrial lineage yielded  
much lower, yet significant, values (from 0.08 to 0.23) . Taken together, the analyses of the 
mitochondrial and nuclear datasets strongly indicate a clear genetic break between the eastern  
and western populations of L. gramineus as well as additional genetic structure between the 
eastern populations from the plateau and the populations from the tropical forests. 
 
 
The BEAST analysis estimated that the four mitochondrial lineages diverged in the late Pliocene, 
between 7.0 and 3.6 my. The first lineage to split was the Kasha lineage ~5.5 to 7.0 my ago and 
the western lineage diverged from the Arsi/Kibre Mengist clade ~4.3-5.4 my ago (figure 6-B and 
table 3). The species tree approach yielded a different topology than the mitochondrial gene trees, 
the western population being the most divergent one and the three eastern populations forming    
a monophyletic group, as well as more recent divergence time (figure 6-C). *BEAST estimates 
the split between the western and the eastern populations around the junction Pliocene- 
Pleistocene or in the early Pleistocene (2.7-2.0 my). The divergence between the three eastern 
populations is dated ~1.5 to 0.9 my. The G-PHoCS estimates of divergence are remarkably 
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similar to the one obtained with *BEAST with an east-west divergence dated ~2.1my in the early 
Pleistocene (table 7). 
 
 
The G-PHoCS estimates of modern and past effective population size are relatively similar 
among populations, ranging from ~500,000 to ~1,000,000 individuals (Table 7). This relative 
demographic stability is also reflected on the EBSP analysis of the western population and of the 
forest population of Kasha (figure 4). The only population showing a change in population size 
is the Arsi population. Following the split between the Arsi and Kibre Mengist populations 
(estimated ~700,000 years ago), the Arsi population has experienced a 10-fold demographic 
expansion. The migration rates between the east and west populations are not significantly 
different from 0, indicating that the west and east populations have not exchanged migrants at a 





We reconstructed the evolutionary history of three frog species with different ecological 
preferences and we examined the impact the GRV has had on their population structure. We 
identified a single gene pool in Tomopterna kachowskii, a species that tolerates dry conditions, 
but we found that in Amietia angolensis and Leptopelis gramineus, populations east and west of 
the GRV are significantly differentiated. This result confirms that the GRV constitutes an 
important biogeographic barrier in highland adapted anurans and confirms our results in 
Ptychadena cooperi and P. cf. neumanni 2 (chapter 3 of this thesis) as well as the results of 
Evans et al. (2011) in Xenopus clivii and X. largeni. 
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It appears however that the split between populations east and west of the GRV is not 
concomitant in all species. The split between the east and west mitochondrial lineages is dated at 
~0.9my in A. angolensis but at ~3.6my in L. gramineus, with no overlap of their 95% HPD (table 
3). The divergence time inferred using the nuclear data is also significantly different at ~0.4 in A. 
angolensis and ~2.1my in L. gramineus, again with no overlap of the 95% HPD (table 7). This 
clearly suggests that the GRV has acted as a barrier to gene flow for a longer time in L. 
gramineus than in A. angolensis. This could be due to different dispersal abilities or to different 
tolerance to dry conditions. A. angolensis is a large and agile frog whereas L. gramineus is 
secretive and slow moving. In addition, A. angolensis seems to be tolerant to a wider range of 
climatic conditions than L. gramineus (figure 2). In fact, in other parts of its range, A. angolensis 
can be found in a wide variety of habitat (including savannah), provided there is a pond or a 
stream available. In contrast, the fossorial L. gramineus will require a humid soil and 
consequently regular precipitations. 
 
 
It is however surprising for both species that populations on the eastern and western side of the 
GRV have remained isolated for so long. Ecological niche models suggest that the climatic 
conditions in the GRV were favorable for both species during the last glacial maximum (figure 
2) and this is likely to have been true during other glacial periods. Yet, there is no evidence that 
either A. angolensis or L. gramineus crossed the GRV in the late Pleistocene. Thus, climate alone 
can’t account for the population structure detected here. This suggests that the topography of the 
GRV could be playing a major role for the east-west split in these two species of frogs. Frogs are 
notoriously poor dispersers and there is considerable evidence that the slopes of mountains and 
valleys constitute significant barriers to dispersal in anurans (Funk et al., 2005; Guarnizo and 
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Cannatella 2014; Lougheed et al., 1999). The margin of the Ethiopian GRV is similar to a 800m 
wall (from 1,500m asl in the floor of the GRV to 2,300m asl on the plateau) and is likely to 
constitute an insurmountable barrier to dispersal for frogs (Baker et al., 1972). 
 
 
In addition, our study of A. angolensis indicates that the Blue Nile Valley is an important 
biogeographic barrier. The ENMs clearly show that the climatic conditions in the valley are 
currently not favorable to our focal species but they also reveal that this was true during the last 
glacial maximum. The combination of extremely steep slopes (the canyon is 1,400m deep) with 
the persistent dry conditions on the valley floor is likely to prevent dispersal of highland frogs. 
Such a role of the Blue Nile valley had previously been detected in Xenopus clivii and is 
supported by the presence of endemic species found only in this area (e.g. P. cf. neumanni 5, 
Leptopelis yaldeni) and by the absence of several species that are found immediately south of the 
valley (P. cooperi, P. cf. neumanni 1, L. gramineus). 
 
 
The amount of genetic variation varies considerably among species, reflecting differences in 
their effective population size (Ne) and demographic history. The Ne of T. kachowskii and L. 
gramineus are in the same order of magnitude, between ~400,000 and ~1,000,000 individuals. In 
contrast, Ne in A. angolensis is one order of magnitude lower (~40,000 to ~80,000). This 
difference does not reflect a recent bottleneck since the population size of A. angolensis has 
apparently remained stable for most of its evolutionary history (figure 4 and table 7). It is also 
not due to limited ecological opportunity because its present and past predicted distribution 
covers most of the highlands and is as widespread as in other species with large Ne. The Ne in 
this species is very similar to the one we calculated for Ptychadena cooperi, which is the species 
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of the Ptychadena genus with the lowest genetic diversity (chapter 3). These two species differ 
from other species discussed in this thesis in two aspects: they are by far the largest one and they 
are mostly specialized to stream habitats. It is plausible that their preference for the stream 
microhabitats is a limiting factor preventing population expansion on the plateaus. 
 
 
The demographic trajectory also differs among frogs. A. angolensis, east and west of the GRV, 
and the forest population of L. gramineus have remained stable whereas T. kachowskii and the 
Arsi population of L. gramineus have experienced a ~10 fold population expansion starting 
~400,000 years ago. The timing and size of this expansion is strikingly similar to the 
demographic expansion we observed in Ptychadena erlangeri and Ptychadena cf. neumanni 1 
(chapter 3). The similarity among these species suggests that a major event about half a million 
years ago has affected the demography of several species of frog. We speculate that a drastic 
environmental change (either climatic or caused by volcanic activities) could have caused a 
dramatic bottleneck in these species, which was eventually followed by the demographic 
expansion we detect by EBSP. It is also interesting to note that none of the species studied here 
showed evidence for population change in the late Pleistocene, suggesting that the glacial cycles 
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Appendix 2.1  List of specimens used in chapter 2 of  this study including Genbank accession numbers and collection localities. 
Specimen number Species 16S COI CXCR4 NCX1 RAG 1 TYR GPS coordinates Elevation (m)
XF-136 P. cf. neumanni 1 KF380293 KF380526 KF379914 KF379840 KF380108 N10° 1.3911' E38° 14.7402' 2469
XF-137 P. cf. neumanni 1 KF380294 KF380517 KF379915 KF379841 KF380109 N10° 1.3911' E38° 14.7402' 2469
XF-138 P. cf. neumanni 1 KF380529 KF379916 KF379842 KF380651 N10° 1.3911' E38° 14.7402' 2469
XF-139 P. cf. neumanni 1 KF380295 KF380530 KF379917 KF379843 KF380652 KF380110 N10° 1.3911' E38° 14.7402' 2469
XF-196 P. cf. neumanni 1 KF380309 KF380742 KF379935 KF379844 KF380124 N8° 52.6927' E38° 47.1347' 2058
XF-200 P. cf. neumanni 1 KF380310 KF380525 KF379845 KF380125 N8° 57.9585' E38° 47.4199' 2058
XF-202 P. cf. neumanni 1 KF380467 N8° 57.9585' E38° 47.4199' 2058
XF-213 P. cf. neumanni 1 KF380311 KF379936 KF379846 KF380126 N8° 51.3351' E38° 48.1215' 2058
XF-214 P. cf. neumanni 1 KF380312 KF380497 KF379937 KF379847 KF380127 N8° 51.3351' E38° 48.1215' 2058
XF-215 P. cf. neumanni 1 KF380313 KF380513 KF379938 KF379848 KF380653 KF380128 N8° 51.3351' E38° 48.1215' 2058
XF-216 P. cf. neumanni 1 KF380314 KF380485 KF379939 KF380129 N8° 51.3351' E38° 48.1215' 2058
XF-401 P. cf. neumanni 1 KF380501 KF379987 KF379849 KF380654 KF380165 N7° 50.1874' E37°21.3103' 1696
XF-410 P. cf. neumanni 1 KF380479 KF379988 KF379850 N8° 23.3087' E37°51.8200' 1839
XF-411 P. cf. neumanni 1 KF380550 KF379851 KF380655 N8° 23.3087' E37°51.8200' 1839
XF-412 P. cf. neumanni 1 KF380502 KF379989 KF379852 KF380656 KF380166 N8° 23.3087' E37°51.8200' 1839
XF-413 P. cf. neumanni 1 KF380551 KF379990 KF379853 KF380167 N8° 23.3087' E37°51.8200' 1839
XF-415 P. cf. neumanni 1 KF380559 KF379991 KF379854 N8° 23.3087' E37°51.8200' 1839
XF-416 P. cf. neumanni 1 KF380350 KF380555 KF379992 KF379855 KF380657 KF380168 N8° 23.3087' E37°51.8200' 1839
XF-417 P. cf. neumanni 1 KF380351 KF380560 KF379993 KF379856 KF380658 KF380169 N8° 23.3087' E37°51.8200' 1839
XF-418 P. cf. neumanni 1 KF380352 KF380556 KF379994 KF379857 KF380170 N8° 50.8732' E38°24.4037' 2103
XF-419 P. cf. neumanni 1 KF380353 KF380552 KF379995 KF379858 KF380659 KF380171 N8° 50.8732' E38°24.4037' 2103
XF-423 P. cf. neumanni 1 KF380354 KF380528 KF379996 KF379859 KF380660 KF380172 N7° 51.8722' E37°22.3472' 1704
XF-424 P. cf. neumanni 1 KF380355 KF380536 KF379997 KF379860 KF380661 KF380173 N7° 51.8722' E37°22.3472' 1704
XF-433 P. cf. neumanni 1 KF380356 KF380547 KF379998 KF379861 KF380174 N7° 38.9603' E36°50.6993' 1697
XF-434 P. cf. neumanni 1 KF380357 KF380557 KF379862 KF380662 KF380175 N7° 38.9603' E36°50.6993' 1697
XF-435 P. cf. neumanni 1 KF380358 KF380487 KF379999 KF379863 KF380176 N7° 38.9603' E36°50.6993' 1697
XF-436 P. cf. neumanni 1 KF380359 KF380473 KF380000 KF379864 KF380663 KF380177 N7° 38.9603' E36°50.6993' 1697
XF-437 P. cf. neumanni 1 KF380360 KF380511 KF379865 KF380664 KF380178 N7° 38.9603' E36°50.6993' 1697
XF-438 P. cf. neumanni 1 KF380361 KF380476 KF380001 KF379866 KF380665 KF380179 N7° 38.9603' E36°50.6993' 1697
XF-439 P. cf. neumanni 1 KF380362 KF380002 KF379867 KF380666 KF380180 N7° 38.9603' E36°50.6993' 1697
XF-450 P. cf. neumanni 1 KF380364 KF380004 KF379868 KF380667 N7° 33.9997' E36°39.4504' 1903
XF-451 P. cf. neumanni 1 KF380483 KF380005 KF379869 KF380668 KF380182 N7° 33.9997' E36°39.4504' 1903
XF-473 P. cf. neumanni 1 KF380366 KF380493 N7° 35.0246' E36°42.3433' 1885
XF-474 P. cf. neumanni 1 KF380367 KF380509 KF379870 KF380669 KF380185 N7° 35.0246' E36°42.3433' 1885
XF-475 P. cf. neumanni 1 KF380368 KF380498 KF380009 KF379871 KF380670 KF380186 N7° 35.0246' E36°42.3433' 1885
XF-476 P. cf. neumanni 1 KF380369 KF380480 KF380010 KF379872 KF380671 KF380187 N7° 35.0246' E36°42.3433' 1885




XF-490 P. cf. neumanni 1 KF380372 KF380477 KF380012 KF379874 KF380672 KF380189 N7° 35.0246' E36°42.3433' 1885 
XF-491 P. cf. neumanni 1 KF380373 KF380484 KF380013 KF379875 KF380673 KF380190 N7° 35.0246' E36°42.3433' 1885 
XF-492 P. cf. neumanni 1 KF380374  KF380014 KF379876  KF380191 N7° 35.0246' E36°42.3433' 1885 
XF-562 P. cf. neumanni 1 KF380378 KF380474 KF380018 KF379877 KF380674 KF380195 N8° 56.2327' E36°44.1855' 2202 
XF-563 P. cf. neumanni 1 KF380379 KF380481 KF380019 KF379878 KF380675 KF380196 N8° 56.2327' E36°44.1855' 2202 
XF-565 P. cf. neumanni 1   KF380020 KF379879 KF380676 KF380197 N8° 56.2327' E36°44.1855' 2202 
XF-569 P. cf. neumanni 1 KF380380 KF380478 KF380021 KF379880 KF380677 KF380198 N8° 56.2327' E36°44.1855' 2202 
XF-570 P. cf. neumanni 1 KF380381 KF380548 KF380022  KF380678  N8° 56.2327' E36°44.1855' 2202 
XF-571 P. cf. neumanni 1 KF380382 KF380558 KF380023 KF379881 KF380679 KF380199 N8° 56.2327' E36°44.1855' 2202 
XF-573 P. cf. neumanni 1 KF380383 KF380553 KF380024 KF379882 KF380680 KF380200 N8° 56.2327' E36°44.1855' 2202 
XF-574 P. cf. neumanni 1 KF380384  KF380025 KF379883 KF380681 KF380201 N8° 56.2327' E36°44.1855' 2202 
XF-589 P. cf. neumanni 1 KF380390 KF380491 KF380034 KF379884  KF380210 N7° 43.4493' E36°48.1724' 2012 
XF-590 P. cf. neumanni 1 KF380391 KF380489 KF380035 KF379885  KF380211 N7° 43.4493' E36°48.1724' 2012 
XF-591 P. cf. neumanni 1 KF380392 KF380472 KF380036 KF379886  KF380212 N7° 43.4493' E36°48.1724' 2012 
XF-592 P. cf. neumanni 1 KF380393 KF380486 KF380037 KF379887  KF380213 N7° 43.4493' E36°48.1724' 2012 
XF-593 P. cf. neumanni 1 KF380394 KF380500 KF380038  KF380682 KF380214 N7° 43.4493' E36°48.1724' 2012 
XF-622 P. cf. neumanni 1 KF380406 KF380522 KF380044 KF379888 KF380683 KF380224 N7° 32.6714' E36°34.6606' 2146 
XF-127 P. cf. neumanni 2 KF380292 KF380714 KF379913 KF379788 KF380618 KF380107 N9° 14.9732' E38° 45.6741 2575 
XF-240 P. cf. neumanni 2 KF380317     KF380131 N9° 38.2313' E39° 30.2933' 2826 
XF-241 P. cf. neumanni 2 KF380318  KF379948 KF379789  KF380132 N9° 38.2313' E39° 30.2933' 2826 
XF-242 P. cf. neumanni 2 KF380319 KF380768 KF379949    N9° 38.2313' E39° 30.2933' 2826 
XF-243 P. cf. neumanni 2  KF380538 KF379950 KF379790 KF380619  N9° 38.2313' E39° 30.2933' 2826 
XF-244 P. cf. neumanni 2 KF380320 KF380738 KF379951 KF379791 KF380620 KF380133 N9° 38.2313' E39° 30.2933' 2826 
XF-245 P. cf. neumanni 2 KF380321 KF380741 KF379952 KF379792  KF380134 N9° 38.2313' E39° 30.2933' 2826 
XF-246 P. cf. neumanni 2  KF380539  KF379793 KF380621  N9° 38.2313' E39° 30.2933' 2826 
XF-247 P. cf. neumanni 2 KF380322 KF380707 KF379953 KF379794  KF380135 N9° 38.2313' E39° 30.2933' 2826 
XF-248 P. cf. neumanni 2 KF380323 KF380708 KF379954 KF379795  KF380136 N9° 38.2313' E39° 30.2933' 2826 
XF-261 P. cf. neumanni 2 KF380324 KF380715 KF379955 KF379796 KF380622 KF380137 N9° 35.0046' E39° 44.3387' 2697 
XF-262 P. cf. neumanni 2  KF380540     N9° 35.0046' E39° 44.3387' 2697 
XF-263 P. cf. neumanni 2 KF380325 KF380733 KF379956 KF379797 KF380623 KF380138 N9° 35.0046' E39° 44.3387' 2697 
XF-264 P. cf. neumanni 2 KF380326 KF380739 KF379957 KF379798 KF380624 KF380139 N9° 35.0046' E39° 44.3387' 2697 
XF-265 P. cf. neumanni 2    KF379799 KF380625  N9° 35.0046' E39° 44.3387' 2697 
XF-266 P. cf. neumanni 2 KF380327 KF380710 KF379958 KF379800 KF380626 KF380140 N9° 35.0046' E39° 44.3387' 2697 
XF-293 P. cf. neumanni 2 KF380329 KF380783 KF379960 KF379801  KF380142 N9° 35.0046' E39° 44.3387' 2697 
XF-294 P. cf. neumanni 2  KF380506 KF379961 KF379802  KF380143 N9° 35.0046' E39° 44.3387' 2697 
XF-295 P. cf. neumanni 2  KF380541 KF379962 KF379803 KF380627 KF380144 N9° 35.0046' E39° 44.3387' 2697 
XF-296 P. cf. neumanni 2 KF380330 KF380734 KF379963 KF379804  KF380145 N9° 35.0046' E39° 44.3387' 2697 
XF-297 P. cf. neumanni 2 KF380331 KF380743 KF379964 KF379805  KF380146 N9° 35.0046' E39° 44.3387' 2697 
XF-327 P. cf. neumanni 2 KF380338 KF380716 KF379973 KF379806 KF380628 KF380151 N9° 509398' E39°45.4200' 2767 
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XF-368 P. cf. neumanni 2 KF380490 KF379974 KF379807 KF380152 N10°24.0263' E39°39.1107' 3087
XF-369 P. cf. neumanni 2 KF380339 KF380769 KF379975 KF379808 KF380153 N10°24.0263' E39°39.1107' 3087
XF-370 P. cf. neumanni 2 KF380340 KF380717 KF379976 KF379809 KF380629 KF380154 N10°24.0263' E39°39.1107' 3087
XF-371 P. cf. neumanni 2 KF380341 KF380718 KF379977 KF379810 KF380155 N10°24.0263' E39°39.1107' 3087
XF-372 P. cf. neumanni 2 KF380719 KF379978 KF379811 KF380156 N10°24.0263' E39°39.1107' 3087
XF-373 P. cf. neumanni 2 KF380342 KF380770 KF379979 KF379812 KF380630 KF380157 N10°24.0263' E39°39.1107' 3087
XF-374 P. cf. neumanni 2 KF380343 KF380745 KF379980 KF379813 KF380631 KF380158 N10°24.0263' E39°39.1107' 3087
XF-375 P. cf. neumanni 2 KF380344 KF380713 KF379981 KF379814 KF380159 N10°24.0263' E39°39.1107' 3087
XF-377 P. cf. neumanni 2 KF380345 KF380720 KF379982 KF379815 KF380160 N10°24.0263' E39°39.1107' 3087
XF-378 P. cf. neumanni 2 KF380346 KF380721 KF379983 KF379816 KF380632 KF380161 N10°24.0263' E39°39.1107' 3087
XF-379 P. cf. neumanni 2 KF380347 KF380746 KF379984 KF379817 KF380162 N10°24.0263' E39°39.1107' 3087
XF-380 P. cf. neumanni 2 KF380348 KF380722 KF379985 KF379818 KF380633 KF380163 N10°24.0263' E39°39.1107' 3087
XF-821 P. cf. neumanni 2 KF380415 KF380711 KF380051 KF379819 KF380234 N7°3.0150' E38°49.0367' 2642
XF-822 P. cf. neumanni 2 KF380052 N7°3.0150' E38°49.0367' 2642
XF-823 P. cf. neumanni 2 KF380416 KF380726 KF380053 KF379820 KF380634 KF380235 N7°3.0150' E38°49.0367' 2642
XF-824 P. cf. neumanni 2 KF380417 N7°3.0150' E38°49.0367' 2642
XF-825 P. cf. neumanni 2 KF380418 KF380054 KF380236 N7°3.0150' E38°49.0367' 2642
XF-826 P. cf. neumanni 2 KF380419 KF380055 N7°3.0150' E38°49.0367' 2642
XF-827 P. cf. neumanni 2 KF380420 KF380727 KF380056 KF380237 N7°3.0150' E38°49.0367' 2642
XF-832 P. cf. neumanni 2 KF380421 KF380057 KF380635 KF380238 N7°3.0150' E38°49.0367' 2642
XF-839 P. cf. neumanni 2 KF380422 KF380058 KF380636 KF380239 N7°3.0150' E38°49.0367' 2642
XF-84 P. cf. neumanni 2 KF380423 KF380740 KF380062 KF379821 KF380637 KF380240 N9°1.9635' E38°39.9889' 2621
XF-840 P. cf. neumanni 2 KF380424 KF380542 KF380059 KF379822 KF380638 KF380241 N7°3.0150' E38°49.0367' 2642
XF-841 P. cf. neumanni 2 KF380425 KF380060 KF379823 KF380639 KF380242 N7°3.0150' E38°49.0367' 2642
XF-845 P. cf. neumanni 2 KF380426 KF380061 KF380640 KF380243 N7°3.0150' E38°49.0367' 2642
XF-85 P. cf. neumanni 2 KF380427 KF380543 KF380063 KF379824 KF380244 N9°1.9635'E38°39.9889' 2621
XF-86 P. cf. neumanni 2 KF380428 KF380544 KF380068 KF379825 KF380245 N9°1.9635'E38°39.9889' 2621
XF-863 P. cf. neumanni 2 KF380429 KF380736 KF379826 KF380641 KF380246 N7°51.4045' E38°53.3662' 2573
XF-864 P. cf. neumanni 2 KF380430 KF380728 KF380064 KF379827 KF380642 KF380247 N7°51.4045' E38°53.3662' 2573
XF-865 P. cf. neumanni 2 KF380431 KF380065 KF379828 KF380643 KF380248 N7°51.4045' E38°53.3662' 2573
XF-866 P. cf. neumanni 2 KF380432 KF380737 KF380066 KF380644 KF380249 N7°51.4045' E38°53.3662' 2573
XF-867 P. cf. neumanni 2 KF380433 KF380779 KF380067 KF379829 KF380645 KF380250 N7°51.4045' E38°53.3662' 2573
XF-87 P. cf. neumanni 2 KF380434 KF380732 KF380073 KF379830 KF380251 N9°1.9635' E38°39.9889' 2621
XF-877 P. cf. neumanni 2 KF380435 KF380780 KF380070 KF379831 KF380252 N7°51.7521' E38°57.0436' 2563
XF-878 P. cf. neumanni 2 KF380436 KF380709 KF380071 KF379832 KF380253 N7°51.7521' E38°57.0436' 2563
XF-879 P. cf. neumanni 2 KF380437 KF380519 KF380072 KF379833 KF380646 KF380254 N7°51.7521' E38°57.0436' 2563
XF-880 P. cf. neumanni 2 KF380438 KF380729 KF380074 KF379834 KF380647 KF380255 N7°51.7521' E38°57.0436' 2563
XF-881 P. cf. neumanni 2 KF380439 KF380730 KF380075 KF380256 N7°51.7521' E38°57.0436' 2563
XF-882 P. cf. neumanni 2 KF380440 KF380731 KF380076 KF379835 KF380648 KF380257 N7°51.7521' E38°57.0436' 2563
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XF-948 P. cf. neumanni 2 KF380458 KF380504 KF380098 KF379836 KF380280 N7°55.0820' E39°7.4528' 2541
XF-949 P. cf. neumanni 2 KF380459 KF380545 KF380099 KF379837 KF380649 KF380281 N7°51.0249' E39°8.1737' 2635
XF-950 P. cf. neumanni 2 KF380460 KF380508 KF380100 KF379838 KF380282 N7°51.0249' E39°8.1737' 2635
XF-951 P. cf. neumanni 2 KF380461 KF380510 KF380101 KF380283 N7°51.0249' E39°8.1737' 2635
XF-952 P. cf. neumanni 2 KF380462 KF380546 KF380284 N7°51.0249' E39°8.1737' 2635
XF-953 P. cf. neumanni 2 KF380463 KF380782 KF380102 KF379839 KF380650 KF380285 N7°51.0249' E39°8.1737' 2635
XF-954 P. cf. neumanni 2 KF380464 KF380712 KF380103 KF380286 N7°51.0249' E39°8.1737' 2635
XF-923 P. cf. neumanni 3 KF380445 KF380496 KF380085 KF379889 KF380684 KF380268 N7°6.6736' E39°44.5788' 3024
XF-927 P. cf. neumanni 3 KF380449 KF380495 KF380089 KF379890 KF380685 KF380272 N7°6.6736' E39°44.5788' 3024
XF-44-10 P. cf. neumanni 4 KF380363 KF380003 KF379900 KF380697 KF380181 N6°42.5852' E39°43.3677' 2409
XF-781 P. cf. neumanni 4 KF380409 KF380774 KF380045 KF379901 KF380698 KF380227 N5°48.1639' E38°16.2302' 2323
XF-782 P. cf. neumanni 4 KF380410 KF380775 KF379902 KF380699 KF380228 N5°48.1639' E38°16.2302' 2323
XF-783 P. cf. neumanni 4 KF380776 KF380046 KF379903 KF380700 KF380229 N5°48.1639' E38°16.2302' 2323
XF-816 P. cf. neumanni 4 KF380411 KF380515 KF380047 KF379904 KF380701 KF380230 N5°48.1639' E38°16.2302' 2323
XF-817 P. cf. neumanni 4 KF380412 KF380482 KF380048 KF379905 KF380702 KF380231 N5°48.1639' E38°16.2302' 2323
XF-818 P. cf. neumanni 4 KF380413 KF380777 KF380049 KF379906 KF380704 KF380232 N5°48.1639' E38°16.2302' 2323
XF-819 P. cf. neumanni 4 KF380414 KF380778 KF380050 KF379907 KF380705 KF380233 N5°48.1639' E38°16.2302' 2323
XF-140 P. cf. neumanni 5 KF380296 KF380757 KF379918 KF379891 KF380686 KF380111 N10° 11.4467' E38° 8.4044' 2425
XF-141 P. cf. neumanni 5 KF380507 KF379919 KF380706 KF380112 N10° 11.4467' E38° 8.4044' 2425
XF-142 P. cf. neumanni 5 KF379920 N10° 11.4467' E38° 8.4044' 2425
XF-143 P. cf. neumanni 5 KF380537 N10° 11.4467' E38° 8.4044' 2425
XF-146 P. cf. neumanni 5 KF380297 KF380758 KF379921 KF380687 KF380113 N10° 11.4467' E38° 8.4044' 2425
XF-147 P. cf. neumanni 5 KF380298 KF380759 N10° 11.4467' E38° 8.4044' 2425
XF-148 P. cf. neumanni 5 KF380299 KF379922 KF380703 KF380114 N10° 11.4467' E38° 8.4044' 2425
XF-149 P. cf. neumanni 5 KF380300 KF380760 KF379923 KF379892 KF380688 KF380115 N10° 11.4467' E38° 8.4044' 2425
XF-150 P. cf. neumanni 5 KF380554 KF379924 KF379893 KF380689 KF380116 N10° 14.4060' E37° 58.1187' 2532
XF-151 P. cf. neumanni 5 KF380512 KF379925 KF379894 N10° 14.4060' E37° 58.1187' 2532
XF-152 P. cf. neumanni 5 KF380301 KF380761 KF379926 KF380117 N10° 14.4060' E37° 58.1187' 2532
XF-153 P. cf. neumanni 5 KF379927 KF379895 KF380118 N10° 14.4060' E37° 58.1187' 2532
XF-154 P. cf. neumanni 5 KF380302 KF380744 KF379928 KF380690 KF380119 N10° 13.3793' E37° 59.2569' 2403
XF-155 P. cf. neumanni 5 KF380303 KF380762 KF379929 KF379896 KF380691 KF380120 N10° 13.3793' E37° 59.2569' 2403
XF-169 P. cf. neumanni 5 KF380304 KF380763 KF379930 KF379897 KF380692 KF380121 N10° 21.2362' E37° 42.7307' 2414
XF-171 P. cf. neumanni 5 KF380305 KF380764 KF379931 KF380693 N10° 21.2362' E37° 42.7307' 2414
XF-172 P. cf. neumanni 5 KF380306 KF380765 KF379932 KF379898 KF380694 KF380122 N10° 21.2362' E37° 42.7307' 2414
XF-173 P. cf. neumanni 5 KF380307 KF380766 KF379933 KF379899 KF380695 KF380123 N10° 21.2362' E37° 42.7307' 2414
XF-174 P. cf. neumanni 5 KF380308 KF380767 KF379934 KF380696 N10° 21.2362' E37° 42.7307' 2414
XF-100 P. cooperi KF380289 KF380533 KF379908 KF379766 KF380579 KF380105 N9°29.8647' E38°52.4750' 2636
XF-103 P. cooperi KF380471 KF379909 KF380580 N9°29.8647' E38°52.4750' 2636
XF-106 P. cooperi KF379910 KF380581 N9°29.8647' E38°52.4750' 2636
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XF-111 P. cooperi KF380582 N9°29.8647' E38°52.4750' 2636
XF-112 P. cooperi KF380290 KF380505 KF379911 KF380583 KF380106 N9°29.8647' E38°52.4750' 2636
XF-113 P. cooperi KF379912 KF380584 N9°29.8647' E38°52.4750' 2636
XF-123 P. cooperi KF380291 KF380534 N9°29.8647' E38°52.4750' 2636
XF-222 P. cooperi KF380315 KF380549 KF379940 KF380585 N9° 5.8765' E38° 57.5962' 2482
XF-223 P. cooperi KF379941 N9° 5.8765' E38° 57.5962' 2482
XF-224 P. cooperi KF380521 KF379942 N9° 5.8765' E38° 57.5962' 2482
XF-225 P. cooperi KF380531 KF379943 KF379767 KF380586 N9° 7.6190' E38° 59.8490' 2514
XF-231 P. cooperi KF380527 KF379944 N9° 28.5252' E39° 24.2726' 2808
XF-232 P. cooperi KF379945 KF380587 KF380130 N9° 28.5252' E39° 24.2726' 2808
XF-233 P. cooperi KF380316 KF380535 KF379946 N9° 28.5252' E39° 24.2726' 2808
XF-237 P. cooperi KF380520 KF379947 N9° 33.8990' E39° 28.8398' 2772
XF-269 P. cooperi KF380328 KF379959 KF380588 KF380141 N9° 39.0094' E39° 37.5138' 3038
XF-298 P. cooperi KF380332 N9° 40.5198' E39° 34.5870' 2809
XF-299 P. cooperi KF380333 KF379965 KF380589 KF380147 N9° 40.5198' E39° 34.5870' 2809
XF-300 P. cooperi KF380334 KF379966 KF379768 KF380148 N9° 40.5198' E39° 34.5870' 2809
XF-301 P. cooperi KF380523 N9° 39.0261' E39° 37.4229' 3045
XF-303 P. cooperi KF380335 KF380590 N9° 39.0261' E39° 37.4229' 3045
XF-304 P. cooperi KF380336 KF379967 N9° 39.0261' E39° 37.4229' 3045
XF-305 P. cooperi KF379968 KF380591 N9° 39.0261' E39° 37.4229' 3045
XF-306 P. cooperi KF379969 KF380592 N9° 39.0261' E39° 37.4229' 3045
XF-307 P. cooperi KF379970 KF380149 N9° 39.0261' E39° 37.4229' 3045
XF-310 P. cooperi KF380337 KF379971 N9° 39.0261' E39° 37.4229' 3045
XF-313 P. cooperi KF379972 KF380593 KF380150 N9° 39.0261' E39° 37.4229' 3045
XF-381 P. cooperi KF380349 KF379986 KF379769 KF380594 KF380164 N10°24.0263' E39°39.1107' 3087
XF-872 P. cooperi KF380514 KF380069 N7°51.7521' E38°57.0436' 2563
XF-884 P. cooperi KF380258 N6°59.7942' E39°17.7658' 2399
XF-885 P. cooperi KF380470 KF380077 KF380259 N6°59.7942' E39°17.7658' 2399
XF-886 P. cooperi KF380516 KF380078 KF380260 N6°59.7942' E39°17.7658' 2399
XF-892 P. cooperi KF380441 KF380469 KF380079 KF379770 KF380261 N6°59.7942' E39°17.7658' 2399
XF-918 P. cooperi KF380081 KF379771 KF380595 KF380263 N7°6.6736' E39°44.5788' 3024
XF-919 P. cooperi KF380082 KF380264 N7°6.6736' E39°44.5788' 3024
XF-920 P. cooperi KF380443 KF380083 KF380265 N7°6.6736' E39°44.5788' 3024
XF-921 P. cooperi KF380084 KF380266 N7°6.6736' E39°44.5788' 3024
XF-935 P. cooperi KF380456 KF380468 KF380096 KF380279 N7°21.6832' E39°15.5177' 2388
XF-936 P. cooperi KF380457 KF380532 N7°21.6832' E39°15.5177' 2388
XF-937 P. cooperi KF380518 KF380097 KF379772 N7°21.6832' E39°15.5177' 2388
XF-97 P. cooperi KF379773 KF380596 KF380287 N9°29.8647' E38°52.4750' 2636




XF-99 P. cooperi KF380465    KF380597  N9°29.8647' E38°52.4750' 2636 
XF-460 P. erlangeri   KF380006 KF379774 KF380598 KF380183 N7° 32.3979' E36°34.3775' 2107 
XF-461 P. erlangeri  KF380563 KF380007    N7° 32.3979' E36°34.3775' 2107 
XF-462 P. erlangeri KF380365 KF380492 KF380008 KF379775 KF380599 KF380184 N7° 32.3979' E36°34.3775' 2107 
XF-478 P. erlangeri KF380370      N7° 35.0246' E36°42.3433' 1885 
XF-493 P. erlangeri KF380375 KF380723 KF380015  KF380600 KF380192 N7° 32.3974' E36°34.3780' 1606 
XF-494 P. erlangeri KF380376 KF380771 KF380016 KF379776 KF380601 KF380193 N7° 32.3974' E36°34.3780' 1606 
XF-495 P. erlangeri KF380377 KF380735 KF380017 KF379777 KF380602 KF380194 N7° 32.3974' E36°34.3780' 1606 
XF-578 P. erlangeri KF380385 KF380724   KF380603 KF380202 N7° 17.0010' E36°13.8647' 1697 
XF-579 P. erlangeri KF380386 KF380570  KF379778 KF380604  N7° 17.0010' E36°13.8647' 1697 
XF-580 P. erlangeri  KF380488 KF380026 KF379779 KF380605  N7° 17.0010' E36°13.8647' 1697 
XF-581 P. erlangeri  KF380564 KF380027 KF379780 KF380606 KF380203 N7° 17.0010' E36°13.8647' 1697 
XF-582 P. erlangeri  KF380524 KF380028  KF380607 KF380204 N7° 17.0010' E36°13.8647' 1697 
XF-583 P. erlangeri KF380387 KF380725 KF380029 KF379781 KF380608 KF380205 N7° 17.0010' E36°13.8647' 1697 
XF-584 P. erlangeri KF380388 KF380772 KF380030  KF380609 KF380206 N7° 17.0010' E36°13.8647' 1697 
XF-585 P. erlangeri  KF380571 KF380031 KF379782 KF380610 KF380207 N7° 17.0010' E36°13.8647' 1697 
XF-586 P. erlangeri  KF380565 KF380032  KF380611 KF380208 N7° 17.0010' E36°13.8647' 1697 
XF-587 P. erlangeri KF380389 KF380566 KF380033   KF380209 N7° 24.5726' E36°20.4232' 1409 
XF-601 P. erlangeri KF380395 KF380567 KF380039  KF380612 KF380215 N6° 55.3867' E36°28.2329' 1942 
XF-606 P. erlangeri KF380396  KF380040 KF379783  KF380216 N6° 55.3867' E36°28.2329' 1942 
XF-607 P. erlangeri KF380397      N6° 55.3867' E36°28.2329' 1942 
XF-608 P. erlangeri KF380398      N6° 55.3867' E36°28.2329' 1942 
XF-611 P. erlangeri KF380399 KF380568   KF380613 KF380217 N7° 0.7613' E37°16.9372' 2115 
XF-612 P. erlangeri KF380400      N7° 0.7613' E37°16.9372' 2115 
XF-613 P. erlangeri  KF380475    KF380218 N7° 0.7613' E37°16.9372' 2115 
XF-614 P. erlangeri KF380401 KF380494 KF380041 KF379784 KF380614 KF380219 N7° 0.7613' E37°16.9372' 2115 
XF-615 P. erlangeri KF380402 KF380569 KF380042 KF379785  KF380220 N7° 0.7613' E37°16.9372' 2115 
XF-617 P. erlangeri KF380403 KF380561    KF380221 N7° 0.7613' E37°16.9372' 2115 
XF-619 P. erlangeri KF380404 KF380499   KF380615 KF380222 N7° 0.7613' E37°16.9372' 2115 
XF-621 P. erlangeri KF380405 KF380503 KF380043 KF379786 KF380616 KF380223 N7° 32.6714' E36°34.6606' 2146 
XF-648 P. erlangeri KF380407 KF380562  KF379787 KF380617 KF380225 N6° 55.3867' E36°28.2329' 1942 
XF-780 P. erlangeri KF380408 KF380773    KF380226 N5°48.1639' E38°16.2302' 2323 
XF-917 P. nana KF380442 KF380747 KF380080 KF379760  KF380262 N7°6.6736' E39°44.5788' 3024 
XF-922 P. nana KF380444 KF380748    KF380267 N7°6.6736' E39°44.5788' 3024 
XF-925 P. nana KF380447 KF380749 KF380087  KF380573 KF380270 N7°6.6736' E39°44.5788' 3024 
XF-926 P. nana KF380448 KF380750 KF380088 KF379761 KF380574 KF380271 N7°6.6736' E39°44.5788' 3024 
XF-929 P. nana KF380450 KF380751 KF380090  KF380575 KF380273 N7°8.4271' E39°54.9541' 2584 
XF-930 P. nana KF380451 KF380752 KF380091 KF379762 KF380576 KF380274 N7°8.4271' E39°54.9541' 2584 
XF-931 P. nana KF380452 KF380753 KF380092 KF379763  KF380275 N7°8.4271' E39°54.9541' 2584 
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XF-932 P. nana KF380453 KF380754 KF380093 KF379764 KF380276 N7°8.4271' E39°54.9541' 2584
XF-933 P. nana KF380454 KF380755 KF380094 KF380577 KF380277 N7°8.4271' E39°54.9541' 2584
XF-934 P. nana KF380455 KF380756 KF380095 KF379765 KF380578 KF380278 N7°8.4271' E39°54.9541' 2584




95 km north of Addis Ababa 
N9°28.5252' E39°24.2726'



















Ptychadena cf. neumanni 2 
30 km west of Dodola 
N7°3.0150' E38°49.0367'
Ptychadena cf. neumanni 2
Town of Mehal Meda
N10°24.0263' E39°39.1107'166
1 cm
Ptychadena cf. neumanni 3




Ptychadena cf. neumanni 4




Ptychadena cf. neumanni 5
Road to Debre Markos
N10°14.4060' E37°58.1187'
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Appendix 3.1 List of specimens used in chapter 3 of this study including collection 
localities 
Specimen number Species GPS coordinates Elevation (m) 
XF14-13 P. cooperi N7° 41.7340' E39°17.9568' 2777 
XF615-13 P. cooperi N7°2.8306' E39°9.8018' 2373 
XF183-13 P. cf. neumanni 1 N7°28.2711' E37°50.7042' 2189 
XF184-13 P. cf. neumanni 1 N7°28.2711' E37°50.7042' 2189 
XF185-13 P. cf. neumanni 1 N7°28.2711' E37°50.7042' 2189 
XF195-13 P. cf. neumanni 1 N9°4.3727' E38°30.7210' 2388 
XF197-13 P. cf. neumanni 1 N9°4.3727' E38°30.7210' 2388 
XF200-13 P. cf. neumanni 1 N9°4.6353' E38°55.2041' 1726 
XF222-13 P. cf. neumanni 1 N9°1.0074' E38°12.8489' 2164 
XF230-13 P. cf. neumanni 1 N8°58.0605' E37°34.7141' 2362 
XF231-13 P. cf. neumanni 1 N9°1.0074' E38°12.8489' 2164 
XF234-13 P. cf. neumanni 1 N9°2.1009' E38°41.0844' 1834 
XF238-13 P. cf. neumanni 1 N9°2.1009' E38°41.0844' 1834 
XF291-13 P. cf. neumanni 1 N8°58.0605' E37°34.7141' 2362 
XF191-13 P. cf. neumanni 2 N9°4.3727' E38°30.7210' 2388 
XF196-13 P. cf. neumanni 2 N9°4.3727' E38°30.7210' 2388 
XF198-13 P. cf. neumanni 2 N9°3.4991' E38°36.5490' 2618 
XF546-13 P. cf. neumanni 2 N6°14.0161' E38°42.5032' 2550 
XF548-13 P. cf. neumanni 2 N6°14.0161' E38°42.5032' 2550 
XF549-13 P. cf. neumanni 2 N6°14.0161' E38°42.5032' 2550 
XF550-13 P. cf. neumanni 2 N6°14.0161' E38°42.5032' 2550 
XF133-13 P. cf. neumanni 3 N7°3.373'  E39°45.3911' 
XF26-13 P. cf. neumanni 3 N7° 5.4799' E39°47.2585' 3091 
XF68-13 P. cf. neumanni 3 N7° 60.7597' E39°45.8003' 3071 
XF78-13 P. cf. neumanni 3 N6° 43.2744' E39°43.2072' 2410 
XF532-13 P. cf. neumanni 4 N6°6.5583' E38°45.5114' 2236 
XF547-13 P. cf. neumanni 4 N6°14.0161' E38°42.5032' 2550 
XF578-13 P. cf. neumanni 4 N6°3.1955' E38°48.6930' 2194 
XF580-13 P. cf. neumanni 4 N6°3.1955' E38°48.6930' 2194 
XF583-13 P. cf. neumanni 4 N6°8.1125' E38°44.6297' 2317 
XF584-13 P. cf. neumanni 4 N6°8.1125' E38°44.6297' 2317 
XF608-13 P. cf. neumanni 4 N6°3.3010' E38°48.2453' 2218 
XF609-13 P. cf. neumanni 4 N6°0.2981' E38°52.1391' 2146 
XF650-13 P. cf. neumanni 5 N10°21.4630' E37°39.2893' 2204 
XF669-13 P. cf. neumanni 5 N10°56.1931' E36°53.4145' 2500 
XF670-13 P. cf. neumanni 5 N10°51.8420' E37°0.5333' 2443 
XF671-13 P. cf. neumanni 5 N10°51.8420' E37°0.5333' 2443 
XF690-13 P. cf. neumanni 5 N11°0.6883' E36°55.1133' 2536 
XF691-13 P. cf. neumanni 5 N11°0.6883' E36°55.1133' 2536 
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XF151-13 P. erlangeri N6°14.4260' E37°34.3672' 2695 
XF169-13 P. erlangeri N7°28.2711' E37°50.7042' 2189 
XF293-13 P. erlangeri N8°33.0795' E36°21.8105' 1885 
XF30-13 P. erlangeri N9° 25.7964' E38°32.4826' 2364 
XF356-13 P. erlangeri N7°32.7021' E36°34.9011' 
XF39-13 P. erlangeri N7° 04.5819' E38°38.2225' 2005 
XF52-13 P. erlangeri N7° 04.5819' E38°38. 2225' 2005 
XF53-13 P. erlangeri N7° 04.5819' E38°38.2225' 2005 
XF55-13 P. erlangeri N7° 04.5819' E38°38.2225' 2005 
XF56-13 P. erlangeri N7° 04.5819' E38°38.2225' 2005 
XF58-13 P. erlangeri N7° 04.5819' E38°38.2225' 2005 
XF59-13 P. erlangeri N7° 04.5819' E38°38.2225' 2005 
XF60-13 P. erlangeri N7° 04.5819' E38°38.2225' 2005 
XF283-13 P. erlangeri N8°58.7922' E38°1.4480' 2370 
XF290-13 P. erlangeri N8°11.5993' E36°26.6076' 1621 
XF107-13 P. nana N7°6.0044' E40°2.9392' 2434 
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Appendix 4.1 Samples used in chapter 4 of this study and their geographic location. 
Species N GPS coordinates Elevation (m) Localities 
Tomopterna kachowskii 1 N7°8.4271' E39°54.9541' 2584 10 km from Dinsho 
Tomopterna kachowskii 2 N8°3.7648' E39°12.9348' 2247 North of Assala 
Tomopterna kachowskii 5 N9°11.6386' E41°64.375' 1783 Vicinity of Haramaya 
Tomopterna kachowskii 2 N9°26.2717' E41°47.6559' 1951 South of Dire Dawa 
Tomopterna kachowskii 2 N9°23.6108' E41°34.2741' 2101 South of Dire Dawa 
Tomopterna kachowskii 4 N9°2.7271' E40°54.6603' 2282 Vicinity of Asebe Teferi 
Tomopterna kachowskii 4 N10°41.8595' E39°53.5386' 1418 Vicinity of Debre Sina 
Tomopterna kachowskii 3 N7°28.2711' E37°50.7042' 2189 Vicinity of Hosana 
Tomopterna kachowskii 1 N8°57.9585' E38°47.4199' 2058 Akaki 
Tomopterna kachowskii 2 N8°50.58.56' E38°46.8424' 2058 Akaki 
Tomopterna kachowskii 7 N9°35.0046' E39°44.3387' 2696 vicinity of Ankober 
Tomopterna kachowskii 1 N6°55.3867' E36°28.2329' 1942 Jimma - Sodo road 
Tomopterna kachowskii 2 N8°56.2327' E38°44.1855' 2202 North of Addis Ababa 
Tomopterna kachowskii 1 N8°52.6927' E38° 47.1347' 2058 North of Addis Ababa 
Tomopterna kachowskii 2 N9°10.3057' E38°45.3360' 2364 North of Addis Ababa 
Tomopterna kachowskii 1 N8°15.1226' E37°36.0701' 1366 Welkite 
Amietia angolensis 6 N7°2.0953' E39°9.5081' 2371 Dodola - Assala road 
Amietia angolensis 4 N7°1.3662' E38°52.2390' 2545 20Km west of Dodola 
Amietia angolensis 2 N7°5.2531' E38°45.8281' 2645 30Km west of Dodola 
Amietia angolensis 1 N10°21.2362' E37°42.7307' 2414 Vicinity of Debre Markos 
Amietia angolensis 4 N10°51.8398' E36°57.7878' 2463 Vicinity of Koserbo 
Amietia angolensis 1 N11°0.6883' E36°55.1133' 2463 Vicinity of Koserbo 
Amietia angolensis 2 N9°4.3727' E38°30.7210' 2387 Addis Ababa - Ambo road 
Amietia angolensis 6 N9°4.3038' E38°37.3914' 2563 Addis Ababa - Ambo road 
Amietia angolensis 2 N9°14.9732' E38°45.6741' 2575 Vicinity of Chancho 
Amietia angolensis 2 N9°25.7964' E38°32.4826' 2364 Vicinity of Chancho 
Amietia angolensis 1 N9°2.1414' E38°42.9755' 2517 North of Addis Ababa 
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Amietia angolensis 2 N9°40.5198' E39°34.5870' 2808 Debre Birhan 
Amietia angolensis 2 N8°38.7922' E38°1.4480' 2370 40Km SW of Addis Ababa 
Leptopelis gramineus 1 N5°48.1639' E38°16.2302' 2322 15Km North of Gerba 
Leptopelis gramineus 4 N6° 42.9208' E39°43.4484' 2410 Harenna forest, near Kasha campsite 
Leptopelis gramineus 4 N6° 43.2744' E39°43.2072' 2410 Harenna forest, near Kasha campsite 
Leptopelis gramineus 1 N6°0.2981' E38°52.1391' 2146 Vicinity of Kibre Mengist 
Leptopelis gramineus 2 N6°3.1955 ' E38°48.6930' 2194 Vicinity of Kibre Mengist 
Leptopelis gramineus 3 N7°51.9610' E39°7.8208' 2562 Vicinity of Assala 
Leptopelis gramineus 1 N7°6.7597' E39°45.8003' 3071 Dinsho 
Leptopelis gramineus 1 N7°0.7554' E39°24.6265' 2410 15Km East of Dodola 
Leptopelis gramineus 1 N7°1.3559' E38°52.2776' 2601 15Km West of Dodola 
Leptopelis gramineus 1 N7°3.0150' E38°49.0367' 2641 30Km West of Dodola 
Leptopelis gramineus 5 N7°4.6988' E38°46.5977' 2660 15Km East of Shashemene 
Leptopelis gramineus 1 N7°1.4045' E38°53.3662' 2572 West of Dodola 
Leptopelis gramineus 2 N7°32.3979' E36°34.3775' 2107 20Km SW of Jimma 
Leptopelis gramineus 1 N9°28.5252' E39° 24.2726' 2808 North East of Addis Ababa 
Leptopelis gramineus 2 N9°33.8174' E38° 52.0579' 2639 North of Addis Ababa 
Leptopelis gramineus 2 N9°35.0046' E39°44.3387' 2696 Ankober 
Leptopelis gramineus 2 N9°50.9398' E39°45.4200' 2767 Debre Sina 
173
Appendix 4.2 Primers used in chapter 4 of this study 




A-Rag1-F1 GGCCTTTCGGGACTGAATA Rag 1 57 This study 
A-Rag1-R1 TCGCACACTGCATCTACTGTC Rag 1 57 This study 
A-BDNF1-F1 CCCATGAAAGAAGCCAGTGT BDNF 58 This study 
A-BDNF1-R1 TGGTCAGTGTACATACACAAGAAGTG BDNF 58 This study 
Amietia angolensis TyrC-F GGCAGAGGAWCRTGCCAAGATGT Tyrosinase Exon 1 60 Bossuyt and Milinkovitch 2000 
TyrG-R TGCTGGCRTCTCTCCARTCCCA Tyrosinase Exon 1 60 Bossuyt and Milinkovitch 2000 
Vmet-F2 GCTAAACAAGCTTTCGGGCCCATACC ND2 60 This study  
Vtrp-R CTCCTGCTTAGGGCTTTGAAGGC ND2 60 This study  
COIGen-F  TCTCTACTAACCATAAAGATATCGG COI 56 Freilich et. al 2014 
COIGen-R   TAGACTTCAGGATGGCCAAAGAATCA COI 56 Freilich et. al 2014 
T-BDNF1-F CCCATGAAAGAAGCCAGTGT BDNF 58 
T-BDNF1-R GTAGTTCGGCATTGCGAGTT BDNF 58 
Tomopterna kachowskii NCX1-PtyF CCAAATGGTGAAACCACAAA NCX1 55 This study 
NCX1-PtyR 2 ACCTCCTCGACGTACAATGG NCX1 55 This study 
T-Rag1-F2 GGATCTTTGAAGAGGCCAAA Rag 1 58 This study 
T-Rag1-R1 ATGAGTTTCCGGGCAAAGTT Rag 1 58 This study 
T-SLC8A3-F1 TCATGGCACTTGGTTCTTCA SLC8A3 58 This study 
T-SLC8A3-R1 GCACAGCACCACAGTTTTCA SLC8A3 58 This study 
COIGen-F TCTCTACTAACCATAAAGATATCGG COI 56 Freilich et. al 2014 
COIGen-R TAGACTTCAGGATGGCCAAAGAATCA COI 56 Freilich et. al 2014 
Leptopelis gramineus COILEP-F1 GCATAGTCGGAACCGCTTTA COI 58 This study  
COILEP-F2 GCATAGTTGGAACTGCTTTA COI 54 This study  
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COILEP-R1 GGGTCGAAGAATGTGGTGTT COI 58 This study 
L-BDNF1-F CCCAATGAAAGAAGCCAGTG BDNF 58 This study 
Leptopelis gramineus L-BDNF1-R CACGCACGTAAGACTGGGTA BDNF 58 This study 
NCX1-PtyF CCAAATGGTGAAACCACAAA NCX1 55 This study 
NCX1-PtyR 2 ACCTCCTCGACGTACAATGG NCX1 55 This study 
L-RAG1-F1 TGGTCTTTCAGGACTCAATCG Rag1 57 This study 
L-RAG1-R1 GGTTTCTGTAGACTTCCCCAATC Rag1 57 This study 
L-RAG2-F AACTTCGTCCAACCACGTTC Rag2 58 This study 
L-RAG2-R CTGGCTCTCGGACTCGTATC Rag2 58 This study 
TyrC-F GGCAGAGGAWCRTGCCAAGATGT Tyrosinase Exon 1 60 Bossuyt and Milinkovitch 2000 
TyrG-R TGCTGGCRTCTCTCCARTCCCA Tyrosinase Exon 1 60 Bossuyt and Milinkovitch 2000 
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Appendix 4.3 Presence/Absence data and  sampling localities for ENM analysis in 
chapter 4 
SPECIES Latitude Longitude Absent=0 Present=1 
A. angolensis 10.2 38 0 
A. angolensis 10.2 38.15 0 
A. angolensis 10.25 37.95 0 
A. angolensis 10.25 38.1 0 
A. angolensis 10.35 37.65 0 
A. angolensis 10.35 37.7 1 
A. angolensis 10.7 39.9 0 
A. angolensis 10.85 36.95 1 
A. angolensis 10.85 37 0 
A. angolensis 10.85 37.95 0 
A. angolensis 10.95 36.9 0 
A. angolensis 10 38.25 0 
A. angolensis 11 36.9 1 
A. angolensis 4.95 36.5 0 
A. angolensis 5.35 37.4 0 
A. angolensis 5.35 37.45 0 
A. angolensis 5.4 37.2 0 
A. angolensis 5.5 36.7 0 
A. angolensis 5.5 36.75 0 
A. angolensis 5.5 36.8 0 
A. angolensis 5.65 36.4 0 
A. angolensis 5.8 36.55 0 
A. angolensis 5.8 38.25 0 
A. angolensis 5.85 39 0 
A. angolensis 5.9 38.95 0 
A. angolensis 6.05 38.8 0 
A. angolensis 6.1 38.75 NA 
A. angolensis 6.15 38.5 0 
A. angolensis 6.15 38.75 0 
A. angolensis 6.25 37.6 0 
A. angolensis 6.25 38.7 NA 
A. angolensis 6.35 38.6 NA 
A. angolensis 6.4 38.6 NA 
A. angolensis 6.6 37.85 0 
A. angolensis 6.7 38.35 0 
A. angolensis 6.7 39.7 NA 
A. angolensis 6.7 39.75 0 
A. angolensis 6.75 39.7 NA 
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A. angolensis 6.85 39.85 0 
A. angolensis 6.9 36.45 0 
A. angolensis 6.9 39.05 0 
A. angolensis 6.9 39.9 0 
A. angolensis 6 38.85 0 
A. angolensis 7.05 37.2 0 
A. angolensis 7.05 38.8 0 
A. angolensis 7.05 38.85 0 
A. angolensis 7.05 38.9 0 
A. angolensis 7.05 38.95 0 
A. angolensis 7.05 39.15 1 
A. angolensis 7.05 39.95 0 
A. angolensis 7.1 38.6 0 
A. angolensis 7.1 38.65 0 
A. angolensis 7.1 38.75 1 
A. angolensis 7.1 38.8 0 
A. angolensis 7.1 39.75 0 
A. angolensis 7.1 39.8 0 
A. angolensis 7.1 40.05 0 
A. angolensis 7.15 39.9 0 
A. angolensis 7.25 36.2 0 
A. angolensis 7.3 36.1 0 
A. angolensis 7.3 36.15 0 
A. angolensis 7.3 36.2 0 
A. angolensis 7.3 36.25 0 
A. angolensis 7.35 39.25 0 
A. angolensis 7.4 36.3 0 
A. angolensis 7.4 36.35 0 
A. angolensis 7.45 37.85 0 
A. angolensis 7.5 36.1 NA 
A. angolensis 7.55 36.55 0 
A. angolensis 7.55 36.6 0 
A. angolensis 7.55 36.65 0 
A. angolensis 7.6 36.7 0 
A. angolensis 7.65 36.85 0 
A. angolensis 7.65 39.2 0 
A. angolensis 7.7 36.8 0 
A. angolensis 7.7 39.15 0 
A. angolensis 7.7 39.3 0 
A. angolensis 7.85 37.35 0 
A. angolensis 7.85 38.95 0 
A. angolensis 7.85 39.1 0 
A. angolensis 7.85 39.15 0 
A. angolensis 7.85 39.65 NA 
A. angolensis 7.9 37.45 0 
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A. angolensis 7.9 39.1 0 
A. angolensis 7.9 39.15 0 
A. angolensis 7 37.2 0 
A. angolensis 7 37.3 0 
A. angolensis 7 38.85 1 
A. angolensis 7 38.9 0 
A. angolensis 7 39.15 0 
A. angolensis 7 39.3 0 
A. angolensis 7 39.35 0 
A. angolensis 7 39.4 0 
A. angolensis 8.05 39.2 0 
A. angolensis 8.2 36.45 0 
A. angolensis 8.2 36.85 0 
A. angolensis 8.25 37.6 0 
A. angolensis 8.4 37.85 0 
A. angolensis 8.5 37.95 0 
A. angolensis 8.55 36.35 0 
A. angolensis 8.65 38 1 
A. angolensis 8.65 38.05 0 
A. angolensis 8.65 39.2 0 
A. angolensis 8.7 36.4 0 
A. angolensis 8.8 37.85 NA 
A. angolensis 8.85 38.4 0 
A. angolensis 8.85 38.8 0 
A. angolensis 8.85 40 0 
A. angolensis 8.9 38.8 0 
A. angolensis 8.95 37.55 0 
A. angolensis 8.95 37.6 0 
A. angolensis 8.95 38.05 0 
A. angolensis 8.95 38.75 0 
A. angolensis 8.95 38.8 0 
A. angolensis 9.05 38.45 0 
A. angolensis 9.05 38.5 1 
A. angolensis 9.05 38.6 1 
A. angolensis 9.05 38.65 0 
A. angolensis 9.05 38.7 1 
A. angolensis 9.05 38.9 0 
A. angolensis 9.05 40.9 0 
A. angolensis 9.1 36.9 0 
A. angolensis 9.1 38.5 0 
A. angolensis 9.1 38.9 0 
A. angolensis 9.1 38.95 0 
A. angolensis 9.15 38.75 0 
A. angolensis 9.15 39 0 
A. angolensis 9.2 42.05 0 
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A. angolensis 9.25 38.75 1 
A. angolensis 9.25 39.2 0 
A. angolensis 9.4 38.55 0 
A. angolensis 9.4 38.65 0 
A. angolensis 9.4 41.55 0 
A. angolensis 9.45 38.55 1 
A. angolensis 9.45 39.4 0 
A. angolensis 9.45 41.8 0 
A. angolensis 9.5 38.85 0 
A. angolensis 9.55 38.85 0 
A. angolensis 9.55 39.5 0 
A. angolensis 9.6 39.75 0 
A. angolensis 9.65 39.5 0 
A. angolensis 9.65 39.55 0 
A. angolensis 9.65 39.6 0 
A. angolensis 9.65 39.75 0 
A. angolensis 9.7 39.6 1 
A. angolensis 9.85 39.75 0 
A. angolensis 9.95 39.75 0 
A. angolensis 9 36.5 0 
A. angolensis 9 38 0 
A. angolensis 9 38.05 0 
A. angolensis 9 38.2 0 
L. gramineus 10.2 38 0 
L. gramineus 10.2 38.15 0 
L. gramineus 10.25 37.95 0 
L. gramineus 10.25 38.1 0 
L. gramineus 10.35 37.65 0 
L. gramineus 10.35 37.7 0 
L. gramineus 10.7 39.9 0 
L. gramineus 10.85 36.95 0 
L. gramineus 10.85 37 0 
L. gramineus 10.85 37.95 0 
L. gramineus 10.95 36.9 0 
L. gramineus 10 38.25 0 
L. gramineus 11 36.9 0 
L. gramineus 4.95 36.5 0 
L. gramineus 5.35 37.4 0 
L. gramineus 5.35 37.45 0 
L. gramineus 5.4 37.2 0 
L. gramineus 5.5 36.7 0 
L. gramineus 5.5 36.75 0 
L. gramineus 5.5 36.8 0 
L. gramineus 5.65 36.4 0 
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L. gramineus 5.8 36.55 0 
L. gramineus 5.8 38.25 1 
L. gramineus 5.85 39 0 
L. gramineus 5.9 38.95 0 
L. gramineus 6.05 38.8 1 
L. gramineus 6.1 38.75 1 
L. gramineus 6.15 38.5 0 
L. gramineus 6.15 38.75 0 
L. gramineus 6.25 37.6 0 
L. gramineus 6.25 38.7 1 
L. gramineus 6.35 38.6 1 
L. gramineus 6.4 38.6 1 
L. gramineus 6.6 37.85 0 
L. gramineus 6.7 38.35 0 
L. gramineus 6.7 39.7 1 
L. gramineus 6.7 39.75 0 
L. gramineus 6.75 39.7 1 
L. gramineus 6.85 39.85 0 
L. gramineus 6.9 36.45 0 
L. gramineus 6.9 39.05 0 
L. gramineus 6.9 39.9 0 
L. gramineus 6 38.85 1 
L. gramineus 7.05 37.2 0 
L. gramineus 7.05 38.8 1 
L. gramineus 7.05 38.85 0 
L. gramineus 7.05 38.9 0 
L. gramineus 7.05 38.95 0 
L. gramineus 7.05 39.15 0 
L. gramineus 7.05 39.95 0 
L. gramineus 7.1 38.6 0 
L. gramineus 7.1 38.65 0 
L. gramineus 7.1 38.75 0 
L. gramineus 7.1 38.8 1 
L. gramineus 7.1 39.75 1 
L. gramineus 7.1 39.8 0 
L. gramineus 7.1 40.05 0 
L. gramineus 7.15 39.9 0 
L. gramineus 7.25 36.2 0 
L. gramineus 7.3 36.1 0 
L. gramineus 7.3 36.15 0 
L. gramineus 7.3 36.2 0 
L. gramineus 7.3 36.25 0 
L. gramineus 7.35 39.25 0 
L. gramineus 7.4 36.3 0 
L. gramineus 7.4 36.35 0 
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L. gramineus 7.45 37.85 0 
L. gramineus 7.5 36.1 1 
L. gramineus 7.55 36.55 1 
L. gramineus 7.55 36.6 0 
L. gramineus 7.55 36.65 0 
L. gramineus 7.6 36.7 0 
L. gramineus 7.65 36.85 0 
L. gramineus 7.65 39.2 0 
L. gramineus 7.7 36.8 0 
L. gramineus 7.7 39.15 0 
L. gramineus 7.7 39.3 0 
L. gramineus 7.85 37.35 0 
L. gramineus 7.85 38.95 0 
L. gramineus 7.85 39.1 0 
L. gramineus 7.85 39.15 1 
L. gramineus 7.85 39.65 1 
L. gramineus 7.9 37.45 0 
L. gramineus 7.9 39.1 0 
L. gramineus 7.9 39.15 0 
L. gramineus 7 37.2 0 
L. gramineus 7 37.3 0 
L. gramineus 7 38.85 1 
L. gramineus 7 38.9 1 
L. gramineus 7 39.15 0 
L. gramineus 7 39.3 0 
L. gramineus 7 39.35 0 
L. gramineus 7 39.4 1 
L. gramineus 8.05 39.2 0 
L. gramineus 8.2 36.45 0 
L. gramineus 8.2 36.85 0 
L. gramineus 8.25 37.6 0 
L. gramineus 8.4 37.85 0 
L. gramineus 8.5 37.95 0 
L. gramineus 8.55 36.35 0 
L. gramineus 8.65 38 0 
L. gramineus 8.65 38.05 0 
L. gramineus 8.65 39.2 0 
L. gramineus 8.7 36.4 0 
L. gramineus 8.8 37.85 1 
L. gramineus 8.85 38.4 0 
L. gramineus 8.85 38.8 0 
L. gramineus 8.85 40 0 
L. gramineus 8.9 38.8 0 
L. gramineus 8.95 37.55 0 
L. gramineus 8.95 37.6 0 
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L. gramineus 8.95 38.05 0 
L. gramineus 8.95 38.75 0 
L. gramineus 8.95 38.8 0 
L. gramineus 9.05 38.45 0 
L. gramineus 9.05 38.5 0 
L. gramineus 9.05 38.6 0 
L. gramineus 9.05 38.65 0 
L. gramineus 9.05 38.7 0 
L. gramineus 9.05 38.9 0 
L. gramineus 9.05 40.9 0 
L. gramineus 9.1 36.9 0 
L. gramineus 9.1 38.5 0 
L. gramineus 9.1 38.9 0 
L. gramineus 9.1 38.95 0 
L. gramineus 9.15 38.75 0 
L. gramineus 9.15 39 0 
L. gramineus 9.2 42.05 0 
L. gramineus 9.25 38.75 0 
L. gramineus 9.25 39.2 0 
L. gramineus 9.4 38.55 0 
L. gramineus 9.4 38.65 0 
L. gramineus 9.4 41.55 0 
L. gramineus 9.45 38.55 0 
L. gramineus 9.45 39.4 1 
L. gramineus 9.45 41.8 0 
L. gramineus 9.5 38.85 0 
L. gramineus 9.55 38.85 1 
L. gramineus 9.55 39.5 0 
L. gramineus 9.6 39.75 1 
L. gramineus 9.65 39.5 0 
L. gramineus 9.65 39.55 0 
L. gramineus 9.65 39.6 0 
L. gramineus 9.65 39.75 0 
L. gramineus 9.7 39.6 0 
L. gramineus 9.85 39.75 1 
L. gramineus 9.95 39.75 0 
L. gramineus 9 36.5 0 
L. gramineus 9 38 0 
L. gramineus 9 38.05 0 
L. gramineus 9 38.2 0 
T. kachowskii 10.2 38 0 
T. kachowskii 10.2 38.15 0 
T. kachowskii 10.25 37.95 0 
T. kachowskii 10.25 38.1 0 
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T. kachowskii 10.35 37.65 0 
T. kachowskii 10.35 37.7 0 
T. kachowskii 10.7 39.9 1 
T. kachowskii 10.85 36.95 0 
T. kachowskii 10.85 37 0 
T. kachowskii 10.85 37.95 0 
T. kachowskii 10.95 36.9 0 
T. kachowskii 10 38.25 0 
T. kachowskii 11 36.9 0 
T. kachowskii 4.95 36.5 0 
T. kachowskii 5.35 37.4 0 
T. kachowskii 5.35 37.45 0 
T. kachowskii 5.4 37.2 0 
T. kachowskii 5.5 36.7 0 
T. kachowskii 5.5 36.75 0 
T. kachowskii 5.5 36.8 0 
T. kachowskii 5.65 36.4 0 
T. kachowskii 5.8 36.55 0 
T. kachowskii 5.8 38.25 0 
T. kachowskii 5.85 39 0 
T. kachowskii 5.9 38.95 0 
T. kachowskii 6.05 38.8 0 
T. kachowskii 6.1 38.75 NA 
T. kachowskii 6.15 38.5 0 
T. kachowskii 6.15 38.75 0 
T. kachowskii 6.25 37.6 0 
T. kachowskii 6.25 38.7 NA 
T. kachowskii 6.35 38.6 NA 
T. kachowskii 6.4 38.6 NA 
T. kachowskii 6.6 37.85 0 
T. kachowskii 6.7 38.35 0 
T. kachowskii 6.7 39.7 NA 
T. kachowskii 6.7 39.75 0 
T. kachowskii 6.75 39.7 NA 
T. kachowskii 6.85 39.85 0 
T. kachowskii 6.9 36.45 1 
T. kachowskii 6.9 39.05 0 
T. kachowskii 6.9 39.9 0 
T. kachowskii 6 38.85 0 
T. kachowskii 7.05 37.2 0 
T. kachowskii 7.05 38.8 0 
T. kachowskii 7.05 38.85 0 
T. kachowskii 7.05 38.9 0 
T. kachowskii 7.05 38.95 0 
T. kachowskii 7.05 39.15 0 
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T. kachowskii 7.05 39.95 0 
T. kachowskii 7.1 38.6 0 
T. kachowskii 7.1 38.65 0 
T. kachowskii 7.1 38.75 0 
T. kachowskii 7.1 38.8 0 
T. kachowskii 7.1 39.75 0 
T. kachowskii 7.1 39.8 0 
T. kachowskii 7.1 40.05 0 
T. kachowskii 7.15 39.9 1 
T. kachowskii 7.25 36.2 0 
T. kachowskii 7.3 36.1 0 
T. kachowskii 7.3 36.15 0 
T. kachowskii 7.3 36.2 0 
T. kachowskii 7.3 36.25 0 
T. kachowskii 7.35 39.25 0 
T. kachowskii 7.4 36.3 0 
T. kachowskii 7.4 36.35 0 
T. kachowskii 7.45 37.85 1 
T. kachowskii 7.5 36.1 NA 
T. kachowskii 7.55 36.55 0 
T. kachowskii 7.55 36.6 0 
T. kachowskii 7.55 36.65 0 
T. kachowskii 7.6 36.7 0 
T. kachowskii 7.65 36.85 0 
T. kachowskii 7.65 39.2 0 
T. kachowskii 7.7 36.8 0 
T. kachowskii 7.7 39.15 0 
T. kachowskii 7.7 39.3 0 
T. kachowskii 7.85 37.35 0 
T. kachowskii 7.85 38.95 0 
T. kachowskii 7.85 39.1 0 
T. kachowskii 7.85 39.15 0 
T. kachowskii 7.85 39.65 NA 
T. kachowskii 7.9 37.45 0 
T. kachowskii 7.9 39.1 0 
T. kachowskii 7.9 39.15 0 
T. kachowskii 7 37.2 0 
T. kachowskii 7 37.3 0 
T. kachowskii 7 38.85 0 
T. kachowskii 7 38.9 0 
T. kachowskii 7 39.15 0 
T. kachowskii 7 39.3 0 
T. kachowskii 7 39.35 0 
T. kachowskii 7 39.4 0 
T. kachowskii 8.05 39.2 1 
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T. kachowskii 8.2 36.45 0 
T. kachowskii 8.2 36.85 0 
T. kachowskii 8.25 37.6 1 
T. kachowskii 8.4 37.85 0 
T. kachowskii 8.5 37.95 0 
T. kachowskii 8.55 36.35 0 
T. kachowskii 8.65 38 0 
T. kachowskii 8.65 38.05 0 
T. kachowskii 8.65 39.2 0 
T. kachowskii 8.7 36.4 0 
T. kachowskii 8.8 37.85 NA 
T. kachowskii 8.85 38.4 0 
T. kachowskii 8.85 38.8 1 
T. kachowskii 8.85 40 0 
T. kachowskii 8.9 38.8 1 
T. kachowskii 8.95 37.55 0 
T. kachowskii 8.95 37.6 0 
T. kachowskii 8.95 38.05 0 
T. kachowskii 8.95 38.75 1 
T. kachowskii 8.95 38.8 1 
T. kachowskii 9.05 38.45 0 
T. kachowskii 9.05 38.5 0 
T. kachowskii 9.05 38.6 0 
T. kachowskii 9.05 38.65 0 
T. kachowskii 9.05 38.7 0 
T. kachowskii 9.05 38.9 0 
T. kachowskii 9.05 40.9 1 
T. kachowskii 9.1 36.9 0 
T. kachowskii 9.1 38.5 0 
T. kachowskii 9.1 38.9 0 
T. kachowskii 9.1 38.95 0 
T. kachowskii 9.15 38.75 1 
T. kachowskii 9.15 39 0 
T. kachowskii 9.2 42.05 1 
T. kachowskii 9.25 38.75 0 
T. kachowskii 9.25 39.2 0 
T. kachowskii 9.4 38.55 0 
T. kachowskii 9.4 38.65 0 
T. kachowskii 9.4 41.55 1 
T. kachowskii 9.45 38.55 0 
T. kachowskii 9.45 39.4 0 
T. kachowskii 9.45 41.8 1 
T. kachowskii 9.5 38.85 0 
T. kachowskii 9.55 38.85 0 
T. kachowskii 9.55 39.5 0 
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T. kachowskii 9.6 39.75 1 
T. kachowskii 9.65 39.5 0 
T. kachowskii 9.65 39.55 0 
T. kachowskii 9.65 39.6 0 
T. kachowskii 9.65 39.75 0 
T. kachowskii 9.7 39.6 0 
T. kachowskii 9.85 39.75 0 
T. kachowskii 9.95 39.75 0 
T. kachowskii 9 36.5 0 
T. kachowskii 9 38 0 
T. kachowskii 9 38.05 0 
T. kachowskii 9 38.2 0 
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Appendix 4.4 Table of  AUC values for ENM analysis in chapter 4 
Species  AUC value 
Amietia angolensis  0.77 
Leptopelis gramineus 0.86 
Tomopterna kachowskii 0.92 
Usually AUC values of 0·5–0·7 are taken to indicate low accuracy, values of 0·7–0·9 indicate 
useful applications (fair/good accuracy) and values of > 0·9 indicate high accuracy (Swets, J.A., 
1988. Measuring the accuracy of diagnostic systems. Science, 240, 1285–1293.) 
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